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Foreword 
It seems that it was only last year that I wrote my master thesis at EnVOC - the exact place 
where I am now working. At that moment, I had a dream that one day also in this lab I 
could have a chance to write another acknowledgment version. People could not agree 
more with Nelson Mandela as he once said: "If you talk to a man in a language he understands, 
that goes to his head. If you talk to him in his language, that goes to his heart." In this regard, I 
will express my sincere gratitude to the individual persons in their mother tongues as 
much as possible. In the foreword of Silent Spring, an environmental book by Rachel Carson, 
she wrote to a close friend: “There would be no peace for me if I kept silent.” Somewhat by the 
same token, there would be no peace for me if I kept my words here short. 
Dag iedereen. Toen ik een masterstudent was, volgde ik een seminar van Doctoral School 
door een lieve dame met een leuke presentatie in combinatie met prima Engels. Hoe kan 
een masterstudent een succesvolle PhD student worden? De vrouw zei dat die persoon, in 
de eerste plaats, een sterke passie moest hebben. Dan verder benadrukte ze dat een goede 
kandidaat drie belangrijke nodig had om aan zijn/haar PhD reis te beginnen: (i) een 
onderwerp, (ii) een fonds, en (iii) een promotor. De dame zette de drie vitale in een kleurrijke, 
gelijkzijdige driehoek. Dat klonk heel mooi, inderdaad. Op dat moment geloofde ik in haar 
woorden heel sterk. Maar de tijd kan alles veranderen zoals de mening van mensen over 
de klimaatverandering en de opwarming van de aarde. Ik wil u twee voorbeelden geven. 
Slechts een paar weken geleden, een masterstudent kwam naar mij om advies te zoeken 
voor zijn PhD onderzoek hoewel ik niet zijn tutor ben. Ik vertelde hem mijn hele verhaal 
uit dat seminar opnieuw en liet hem weten dat ik nu niet meer geloof in de gelijkzijdige 
driehoek. Niet meer. Een grote docent kan u helpen om niet alleen een interessant 
onderwerp en een goede fonds te vinden maar ook vele andere beslissingen in uw 
privéleven als u een buitenlandse student bent. Omdat het cruciaal doel van ons zeer 
korte leven is om naar geluk te streven, kan een grote professor u helpen te genieten van 
uw PhD leven zo veel mogelijk in plaats van u laten lijden van uw eigen onderzoek zoals 
ik soms hier en daar zie. Slechts een paar maanden geleden, had ik een gesprek met twee 
collega's aan de EnVOC koffiekamer. Ze vroegen hoe ik me voelde over mijn PhD. Geen 
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publicatie of begeleiding zonder slapeloze nachten, maar ik antwoordde hen meteen dat 
bijna elke dag in het lab lijkt op vakantie. Ik heb zelden spanning maar eerde veel plezier 
tijdens mijn onderzoek hoewel ik meer dan 40 jaar oud ben. Daarom, eerst en vooral, wens 
ik mijn diepste dank betuigen aan mijn Prof. dr. ir. Herman Van Langenhove.  
Er is een boek in het Engels Living Buddha, Living Christ door Thinh Nhat Hanh en ik hou 
ervan. Hoewel er geen pagode is in Gent en hoewel ik niet naar de kerk gaat elke zondag 
hier, wat er gebeurt duizend mijlen afstand van mijn moederland maakt me sterk geloven 
dat er Boeddha en God zijn. Ze leiden mij in hun eigen manieren en geven me een één - 
in- een- miljoen kans om niet alleen zijn masterstudent, maar ook zijn PhD student nu te 
worden. Ja, één - in- een- miljoen kans en ik hou ook van statistiek.  
Hier heb ik de westerse cultuur geleerd: een mens moet zijn privéleven en beroepsleven 
scheiden. Maar ik, een onderzoerker van vele UGent’ers, moet accepteren dat het erg 
moeilijk is om alles te scheiden zowel wetenschappelijk (bijv. TD-GC-MS-toestel voor 
vluchtige organische stoffen) als maatschappelijk (bijv. mijn leven in Gent). Dus ik wil graag 
Annemie en Sư Phụ Herman bedanken voor (i) de privélessen van Nederlands voor mijn 
enig kind in jullie eigen huis elke zaterdagvoormiddag, (ii) mijn vrouw helpen om een 
geschikte en goede promotor in de Faculteit Rechtsgeleerdheid te vinden, en (iii) jullie 
tijd, verhalen, advies, en humor voor ons familie. De drie personen van onze familie lijken 
meestal op de drie partijen van Belgische politiek. Maar uitgaan met jullie maakt ons 
altijd erg gelukkig. Ik kan vaak merken dat zowel mijn vrouw als mijn dochter jullie 
verhalen vertellen die zij bijna nooit bij andere mensen doen. 
Prof. dr. ir. Kristof Demeestere: dank u wel voor uw hulp en goede raad voor mijn PhD. U 
hebt me veel geleerd. Volgens mij, ziet een reis voor PhD eruit als een marathon voor 
jaren. Maar een persoon weet niet vaak waar of hoe te lopen aan het begin; en aan het 
einde is hij/zij waarschijnlijk te moe of ongeduldig om de vitale tekens en symbolen langs de 
weg te zien. Daardoor is dat altijd fantastisch om uw begeleiding voor zowel master als PhD 
proefschrift te krijgen. Bovendien, vriendelijk bedankt Kristof voor het delen van 
belangrijke principes van het leven vooral voor en na de dood van mijn moeder.  
Speciale dank gaat uit naar Dr. Christophe Walgraeve voor uw tijd, advies, en suggestie 
over mijn onderzoek. We hadden de gekste experimenten voor de luchtkwaliteit van het 
vervoer in Gent. We lieten de TD-GC-MS niet slapen voor een aantal weken. Dat was 
schitterend, inderdaad. Twee keren hadden we de kans om samen te gaan naar landen 
met veel zonniger weer dan in België. Die dagen waren ook geweldig en zijn zeker 
onvergetelijk voor mij. Hartelijk bedankt, Christophe. 
Lore, dank u voor technische ondersteuning over TD-GC-MS en uw aandacht op mijn 
onderzoek (bijv. mobiliteitplan van Gent). Iedereen heeft een talent; maar Patrick u hebt 
een zeer grote. U ziet eruit als een arts van het UZ om het leven van patiënten te redden 
als u regelmatig onderhoud voor TD- GC-MS. Theo, bedankt voor uw glimlach en uw 
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inspanning om Tenax TA-buizen te halen tijdens vakantie. Dank aan Viviane, Ingrid, en 
Lena voor jullie administratieve hulp. Katrijn, Els, en Joren, ik wil graag jullie bedanken. 
Mijn practicums met de oude GC-toestelen zou niet zo goed gaan zonder jullie steun. 
Natuurlijk wil ik ook alle EnVOC-collega’s voor leuke sfeer en aangename samenwerking 
bedanken. Bijna iedereen houdt van feesten. Zo, dank aan de EnVOC party-team en alle 
Hoogleraren in onze departement (nu en geleden) voor veel onvergetelijke feesten: voor 
kerst en een bijzondere op het nieuwe jaar. Zeker dat ik deze feesten zal missen. 
Kan ik mijn menselijke emoties perfect uitdrukken? Elizabeth Gilbert, de auteur van een 
bekend boek Eat Pray Love, maakt gebruik van een heel hoofdstuk alleen maar om uit te 
leggen hoe veel ze houdt van het Italiaans leren: “de liefde die de zon en de andere sterren 
beweegt”. Hoewel ik echt van haar boek geniet net zoals miljoen lezers wereldwijd, ben ik 
slechts oneens met één ding. Ze dacht dat er misschien geen taal perfect gewijd is aan 
menselijke emoties dan het Italiaans. Ik zie het toch anders. Ik ben verliefd op de 
Vlamingen net zoals een liedje van Noordkaap; dus wil ik de nieuwe taal leren. Vandaag 
kan ik perfect mijn eigen menselijke emoties uitdrukken door te schrijven. Maar Gilbert 
heeft groot gelijk. Misschien is het de liefde die de zon en de andere sterren beweegt! 
Amie, Krishna, Stephen, Abebech, and Mitali, I am so thankful to you all for your 
hardworking and sharing thoughts/cultures. Each of you, from different corners of the 
world with different backgrounds/professionals, has made me a better PhD candidate by 
your own ways. Anh Trường, Phước, Quân, and Thủy-Đức Anh: I am grateful to you not 
only for your talents in stylistic revisions, formatting, designing cover/some figures; but 
also for your brotherhood and friendship which is one of the greatest joys of my life.  
Hương Giang, em không những chỉ là một người vợ làm anh tự hào với bè bạn, một người 
mẹ Việt Nam đặc biệt, mà còn là một người tri kỷ của chồng. Bạn Bống Xinh, em còn hơn 
những cánh én mỏng trong một bài tình ca, đã và đang mang mùa xuân đến Gent. Như Mai, 
bố cảm thấy hãnh diện được làm bố của con biết bao lần, nhất là những dịp đi họp phụ 
huynh. Mang con đến Vương quốc Bỉ, Tây Âu này là quyết định rất khó khăn; nhưng con 
đã tự bao giờ trở thành một thiếu nữ tuyệt đến mức có lẽ bố sẽ chả mong gì hơn. Bống ơi, 
con cùng với mẹ Giang, như là những chất xúc tác được chế tác từ vàng và platin, giúp phản 
ứng hóa học của đời bố tức luận văn PhD này phải xảy ra. Cảm ơn hai mẹ con! 
Mãi khắc ghi công ơn cha mẹ (Mẹ Thanh, Mẹ Thịnh, Mẹ Huệ; Bố Thớ, Bố Bân, Bố Đích) cùng 
biết ơn bao người thân ở Việt Nam, đặc biệt ở Ninh Bình và Hà Nội. Mỗi người thường chỉ 
có một khoảng thời gian hữu hạn để sống, một chốn quê nơi chôn rau cắt rốn để nhớ, và 
một mẹ đã mang nặng đẻ đau, rất vất vả nuôi ta khôn lớn để thương. Vẫn gặp mẹ, cô giáo 
dạy trường làng thủa nào - vị giáo sư đầu tiên và đặc biệt của đời con, trong những giấc 
mơ. Vì vậy, luận văn này con xin được kính dâng lên hương hồn Mẹ Bùi Thị Minh Thanh! 
                                                                                                                                   Đỗ Hoài Đức, 2017 
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Summary 
Volatile organic compounds (VOCs) are emitted from both biogenic and anthropogenic 
sources. Biogenic compounds dominate VOCs emissions worldwide while the 
anthropogenic VOCs prevail in urban areas.  
Apart from undesired and direct human health effects, VOCs can affect the physical-
chemical behaviour of the atmosphere in several ways. In addition to influencing local, 
regional and even global photochemistry, some of these compounds have a potential 
impact on climate (e.g. due to their ability to form aerosol particles). Despite these facts, 
few studies have focused on urban environments of developing countries where VOCs 
levels are expected to be high because of rapid industrialization and lenient regulations. 
People spend up to 80-90% of their time indoors (houses, offices, bars etc.) and a 
significant amount of time (5%) in traffic while commuting to and from work. However, 
air quality (e.g. exposure assessment) concerning a diversity of airborne VOCs for those 
micro-environments are hardly documented, even in the developed world.  
Given these considerations, quantitative data on VOCs levels in urban environments are 
of crucial importance in order to (i) enable comparison of pollution levels and exposure, 
and (ii) estimate their undesired effects (in particular, ozone formation potential and 
cancer risk assessment). In this thesis, VOCs have been measured in ten cities across five 
countries (i.e. Belgium, Vietnam, the Philippines, Bangladesh, and Ethiopia) in Europe, 
Asia, and Africa. All air sampling has been done in an active way using sorbent tubes filled 
with Tenax TA. The analysis has been excecuted by thermal desorption-gas 
chromatography-mass spectrometry (TD-GC-MS) using internal standard calibration.  
The quantification resulted in a unique dataset of concentration levels of up to 84 VOCs 
in 450 samples from urban air regions or micro-environments where hardly data on VOCs 
exist today. This dataset has been used to make a first estimation of ozone formation 
potential and cancer risk via inhalation.  
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Samenvatting 
Vluchtige organische stoffen (VOS) worden uitgestoten door zowel biogene als 
antropogene bronnen. Biogene verbindingen domineren de VOS-emissies wereldwijd 
terwijl de antropogene VOS de overhand halen in stedelijke gebieden. 
Naast de ongewenste en directe effecten op de menselijke gezondheid, kunnen VOS ook 
het fysisch-chemisch gedrag van de atmosfeer op verschillende manieren beïnvloeden. 
Naast de impact op lokale, regionale en zelfs mondiale fotochemische processen, hebben 
sommige van deze verbindingen een potentieel effect op het klimaat (bijvoorbeeld via de 
vorming van aërosolen). Ondanks deze feiten, zijn er tot op heden weinig studies die 
focussen op stedelijke omgevingen van ontwikkelingslanden, waar VOS concentraties 
naar alle verwachting hoog zijn als gevolg van de snelle industrialisatie en (nog) weinig 
strikte regelgeving. 
Mensen brengen tot 80-90% van hun tijd binnenshuis (huizen, kantoren, bars etc.) door, 
en spenderen een aanzienlijke fractie van hun tijd (5%) in (woon-werk)verkeer. De 
luchtkwaliteit (bijvoorbeeld: evaluatie van de blootstelling aan VOS) in deze specifieke 
micro-omgevingen is evenwel nauwelijks bestudeerd, zelfs niet in de geïndustrialiseerde 
wereld. 
Gezien deze beschouwingen, is het voorhanden zijn van kwantitatieve gegevens over VOS 
concentratieniveaus in stedelijke omgevingen van cruciaal belang met het oog op (i) het 
maken van een onderlinge vergelijking van de concentratieniveaus en de blootstelling; 
en (ii) het inschatten van hun ongewenste effecten (ozonvormend potentieel en het 
beoordelen van het risico tot kankervorming). In dit proefschrift werden VOS gemeten in 
tien steden uit vijf landen (België, Vietnam, de Filippijnen, Bangladesh, en Ethiopië) 
gelegen in Europa, Azië en Afrika. De omgevingslucht werd telkens op een actieve manier 
bemonsterd door gebruik te maken van sorbensbuisjes gevuld met Tenax TA. De analyses 
werden uitgevoerd met thermische desorptie-gaschromatografie-massaspectrometrie 
(TD-GC-MS) gebruik makende van interne standaard kalibratie voor de kwantificatie. 
Deze kwantitatieve studie resulteerde in een unieke dataset van concentraties van 84 VOS 
in 450 stalen van stedelijke of micro-omgevingen waar momenteel nauwelijks gegevens 
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over beschikbaar zijn. Deze dataset is tevens gebruikt om een inschatting te maken van 
de ozonvorming en het potentiële kankerrisico in te schatten ten gevolge van inhalatie. 
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Chapter 1 Introduction 
1.1 Context of the study 
The human body requires regular supply of food and water; but of most crucial 
importance is a continuous supply of air. According to the World Health Organization 
(WHO), the necessity of food, water, and air are relatively constant: 1 kg of food, 1–2 liters 
or 1–2 kg of water, and 10–20 m3 or 13–26 kg of air on a daily basis (WHO, 2000). 
Apparently, an average adult inhales each day much more in either mass or volume of air 
than the daily intake of food and water (Ayres et al., 2006). Human beings may be able to 
survive without food for a few weeks or a few days without water. However, they will not 
survive for more than a few minutes at best without air. Therefore, human beings are just 
as confined to an ocean of air as fish are in a restricted environment of water (Ahrens, 
2009). 
Every breath, containing around 1022–1023 molecules, fills our lungs up to 99% by volume 
with nitrogen and oxygen (Houghton, 2004). Other gasses and particles, some of which 
are considered pollutants, are possibly inhaled in minute quantities (Manahan, 2000). 
They come from a wide range of sources such as car exhaust, chimneys, forest fires, 
factories, and power plants. Almost every urban environment in the world is likely to 
suffer in some way from air pollution. For example, air pollution clouding the sky 
(Haagen-Smit 1952; Independent, 2017), injuring plants, crops, and forests (Emberson et 
al., 2003; Desonie, 2007), damaging infrastructure and affecting the outstanding universal 
values of world heritage properties (Ahrens, 2009; UNESCO, 2017), and specifically putting 
people at risk of e.g. strokes, lung cancer, respiratory, and cardiovascular disease (Ayres 
et al., 2006; Shen et al., 2013; WHO, 2016; Koplitz et al., 2017). 
This chapter will take a look at this contemporary concern. It starts with a brief discussion 
of the history of these problems and then presents an introduction to the primary culprit 
- air pollutants. Next, the definition of volatile organic compounds (VOCs) which 
constitute one of the major air pollutants is further discussed. In the next section, the 
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paper will deal with major sources and sinks of the airborne VOCs leading to the 
understanding of the main harmful effects of VOCs on both humans (e.g. cancer risk) and 
the environment (e.g. tropospheric ozone formation). Then, measurement techniques 
dealing with sampling and analysis of VOCs are introduced and discussed in some detail. 
Finally, the chapter will conclude with the overall aims and outline of the dissertation.  
1.2 Air pollution: an introduction 
1.2.1 Air pollution: a brief history 
There is a wide variety of publications on air pollution, but Jacobson has succeeded in 
providing a more comprehensive introduction to the history and science of these issues 
(Jacobson, 2002). Briefly, air pollution problems are as old as the Earth itself. However, 
human-made air pollution was probably first documented in 1273 detailing concerns of 
smokes due to burning coal to keep warm in the old England, and perhaps from which 
King Edward I issued a proclamation in that year forbidding the use of sea-coal which 
emitted large amounts of soot and sulfur dioxide. Despite such restrictions, the use of coal 
grew in popularity as a heating fuel (Ahrens, 2009).  
Researchers have commonly described John Evelyn's pamphlet in 1661 about London 
smoke pollution, Fumifugium, as probably the first precocious attempt of public study on 
environmental concern (Jenner, 1995). He was enraged by the thick smog that frequently 
fouled the air in his home city of London. As such, he sent the famous essay to King 
Charles II to (i) document the impacts of the smog on people’s health and the 
environment and (ii) put forward some solutions to help resolve the problem (Evelyn, 
2011). 
In 1905, the term smog was first introduced by Harold Antoine Des Voeux, a member of 
the Coal Smoke Abatement Society in London, to describe air pollution that was visible in 
several cities throughout Great Britain. The term smog was coined meaning a 
combination of smoke and fog. This term became widely used after Des Voeux presented 
a report in 1911 describing pollution events in Glasgow and Edinburgh, Scotland, in the 
autumn of 1909 that killed more than 1000 people (Jacobson, 2002). 
However, little was done to study the effect or control the burning of coal until a disaster 
struck London in December 1952, with the fog and smoke so thick that people walking 
along the street could not see beyond a few yards ahead. Covering masks forced 
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pedestrians to feel their ways along the sidewalks and/or building walls. This disastrous 
smog lasted for five days and claimed nearly 4,000 lives (Ahrens, 2009).  
Liège, Belgium, that lies on the River Meuse was once among the most heavily 
industrialized areas in continental Europe, with steelworks, zinc smelters, glass 
manufacturers, fertilizer, and explosives plants established since the industrial 
revolution. In the winter of 1930, Liège experienced an air pollution tragedy when smoke 
and other contaminants built up in the narrowly steep-sided valley and caused illness for 
around 600 people and 60 ultimately lost their lives (Nemery et al., 2001). After a lengthy 
investigation, the cause was considered to be emissions from the burning of high sulfur-
content fuels, which emitted pollutants including sulfur dioxide (Hedley, 2009). 
The Bhopal, Indian disaster in 1984, well-known as the Bhopal tragedy, was a gas leak 
incident which has been considered as the world's worst industrial disaster (BBC, 2010). 
Around 2,000 residents living near a chemical plant were killed, and 20,000 more suffered 
irreversible damage due to the release of methyl isocyanate. The number of deaths was 
high due to at least two reasons. First, the community had little to no idea as to what 
chemicals were used at the plant; and secondly the people did not know the dangers they 
were in or the type of steps to take in an emergency. This tragedy served to raise 
international attention and focus on the need of a system of identifying and labeling of 
hazardous substances as well as planning for contingencies and emergency procedures 
to assist affected local communities in crisis from accidents and post-accident exposures 
as documented by the National Research Council (NRC, 2010). 
The first large-scale air pollution disaster in the United States (US) occurred at Donora, 
Pennsylvania, and took place in October of 1948 when industrial pollution became 
trapped in the surrounding Monongahela River Valley. However, only after later air 
pollution episodes in the more prominent cities of Los Angeles, New York, and other large 
American cities, strong emission standards for the chemcial and automobile industries 
were established in the Clean Air Act of 1970. This Act empowers the federal government 
to set emission standards that each state would be required to enforce (Ahrens, 2009). 
Subsequent updated versions of the Act have not only included even stricter emission 
requirements but incentives to encourage companies to lower emissions of air pollutants. 
Moreover, recent laws from the US Environmental Protection Agency (US-EPA) include a 
list of about 189 toxic air pollutants of which emissions must be reduced (US-EPA, 2013).  
Presently, whilst cleaner technologies in industry, energy production and transportation 
have been introduced, air pollution remains a significant health risk. WHO has currently 
estimated for 2012 that urban outdoor air pollution causes 3.7 million deaths worldwide 
while indoor air pollution causes 4.3 million premature deaths mostly in developing 
countries. However, as people can be exposed to both indoor and outdoor air pollution 
several times throughout a day, mortality attributed separately to each of these two 
sources (i.e. indoor and outdoor) cannot simply be added. As such, the total estimate 
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amounts approximately 7.0 million deaths in 2012 or one out of eight from total global 
deaths as a result of air pollution exposure (WHO, 2014). 
1.2.2 Types and sources of air pollutants 
According to US-EPA, air pollution is defined as “the presence of contaminants or pollutant 
substances in the air that interfere with human health or welfare or produce other harmful 
environmental effects” (US-EPA, 2017). This definition provides a starting point for the 
consideration of what makes something an air pollutant, and the key words are “interfere, 
harmful” as noticed elsewhere (Vallero, 2008). In this sense, air pollutants could include 
any substance, whether noxious or benign; but the implication is that the effects are 
undesirable (Seinfeld and Pandis, 2006).  
Certain contaminants are called primary air pollutants because they enter the 
atmosphere directly. Examples include the carbon monoxide from motor vehicle exhaust 
or the sulfur dioxide released from factories. Somewhat on the contrary, secondary air 
pollutants form only when a chemical reaction occurs between a primary pollutant and 
some other component of air (e.g. water vapor or another contaminant). Tropospheric 
ozone and secondary organic aerosols (SOA) are prominent examples of secondary 
pollutants (Atkinson, 2000; Oderbolz et al., 2013; Alghamdi et al., 2014). It should be 
stressed that some pollutants may be both primary and secondary since they can be 
emitted directly and formed from other primary pollutants. 
A summary of the primary air pollutants, their sources, and potential health effects, in 
general, is shown in Table 1; while estimates of emissions of the primary air pollutants 
(Gg = 109 g) and their primary sources in 2010 for Europe, Asia, and Africa, in particular, 
is presented in Figure 1. Detailed information on how Figure 1 is made (e.g. definition of 
each source, number of countries for each continent, population etc.) is given in 
Appendix Table A1.  
Table 1 and Figure 1 both point out that VOCs are one of the five primary air pollutants. 
The other majors are carbon monoxide, nitrogen oxides, sulfur oxides, and particulate 
matter (PM). Unlike other inorganic primary pollutants which just involve a limited 
number of compounds (e.g. sulfur oxides: SO2, SO3), a diversity of VOCs can be detected 
even in the breath of the sick (Barker et al., 2006; Lamote et al., 2016). 
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Table 1. Primary air pollutants, conventional sources, and health effects.  
Pollutants Natural sources Anthropogenic sources Health effects 
Carbon monoxide 
(CO) 
Volcanic eruptions, 
forest fires, 
photochemical reactions 
in the troposphere, 
decaying organic matter. 
Motor vehicle exhaust, 
electrical generating 
facilities, and other 
Incomplete combustion 
processes. 
Block the ability of 
hemoglobin to transport 
oxygen to the cells of the 
body. Impaire vision, and 
reduce brain function. 
Nitrogen oxides 
(NOx) 
Lightning storms and 
biological decay 
processes. 
Fossil fuel combustion in 
electrical utilities, high-
temperature operations, 
and operation of motor 
vehicle exhaust. 
Eye, skin, and respiratory 
tract irritation. 
Bronchiolitis, emphysema 
in moderate to high levels. 
Sulfur oxides (SOx) Biological decay 
processes, volcanic 
eruptions. 
Burning of fuel containing 
sulfur, metal smelting, and 
other industrial processes. 
Respiratory illness, 
alterations in the lungs’ 
defenses, and aggravation 
of existing heart or lung 
disease in susceptible 
populations. 
Particulate matter 
(PM) 
Pollen, bacteria, fungal 
spores, dust, and soot 
ash. 
Electricity generation, 
Industrial processes, fossil 
fuel combustion, waste 
disposal. 
Decreased lung function, 
irritation of the airways, 
aggregated asthma, and 
heart problems. 
Volatile organic 
compounds  
(VOCs) 
Trees and other plants. Solvent use, vehicular 
exhaust, industrial 
processes. 
Eye, nose, and throat 
irritation, headaches, loss 
of coordination, damage to 
liver, kidney, and central 
nervous system. Some are 
suspected or known to 
cause cancer in humans. 
Adapted from Hanrahan, 2012. 
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Figure 1. (A) Estimates of emissions of the primary air pollutants (Gg) for Europe, Asia, and 
Africa in 2010. (B) The primary sources (Gg) for these contaminants (Source: EDGAR, 2016; See 
Appendix Table A1; Gg = 109 g).  
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1.3 Airborne VOCs 
1.3.1 Definitions 
The role and importance of VOCs in atmospheric chemistry were first established since 
the 1950s by Haagen-Smit in his pioneering studies of the Los Angeles smog (Haagen-Smit, 
1952). Since that time, our knowledge of the behavior of VOCs in the environment has 
grown enormously (e.g. Larson and Weber, 1994; Forst et al., 1998; Carter and Heo, 2012; 
Niinemets and Monson, 2013; Van Huffel et al., 2016). 
Various terms have been used in the literature to describe VOCs. One of the first was non-
methane hydrocarbons (NMHCs), which was employed initially to distinguish alkanes, 
such as ethane, propane, and butane from methane. However, strictly speaking, the term 
of NMHCs indicates molecules containing just carbon and hydrogen atoms excluding 
oxygenated compounds like alcohols, carbonyls, and acids and organic compounds 
containing other heteroatoms (e.g. nitrogen, sulfur, chlorine). In an attempt to embrace 
all the organic species relevant to atmospheric chemistry, a further term VOCs was 
coined. 
Although methane is an important greenhouse gas, it is much less reactive than other 
VOCs in the troposphere. Therefore, methane is frequently considered separately, and 
the group of non-methane VOCs (NMVOCs) excluding methane is sometimes used.  
A compilation of different definitions for VOCs has been well reviewed (Walgraeve, 2012). 
Definitions can be categorized as either effect oriented or based on the compound’s 
physical property. For example, US-EPA uses an effect-oriented definition in its 
regulations for outdoor air. As a result, VOCs are defined as any compound of carbon, 
excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or 
carbonates, and ammonium carbonate, which participates in atmospheric photochemical 
reactions (US-EPA, 2010). In Europe, Directive 2001/81/EC also uses an effect-oriented 
definition (EU, 2001). In this perpective, a VOC is considered as any organic compound of 
anthropogenic nature, other than methane, that is capable of producing photochemical 
oxidants by reaction with nitrogen oxides in the presence of sunlight (EU, 2001).  
According to the EU Directive 1999/13/EC, a VOC means any organic compound having 
at 293.15 K a vapor pressure of 0.01 kPa or more, or having a corresponding volatility 
under the particular conditions of use (EU, 1999). The EU Paint Directive, 2004/42/EC (EU, 
2004), on the other hand, uses the boiling point rather than volatility in its definition: an 
organic compound with an initial boiling point lower than or equal to 250 °C at an 
atmospheric pressure of 101.3 kPa. From an analytical perspective (Manahan, 2000), VOCs 
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can be defined as organic compounds whose vapor pressure is greater than or equal to 
0.1 mmHg at 20°C (1 atm = 760 mm Hg = 101.3 kPa). 
Three comments concerning the different definitions of VOCs are noteworthy. First, 
there is no universal quantitative description of airborne VOCs. Second, although the 
definitions may differ in the wording, VOCs cover a great diversity of organic compounds 
including paraffinic, olefinic, and aromatic hydrocarbons, various oxygen-, nitrogen-, 
sulfur-, and halogen containing molecules. Third, the effect-oriented definition does have 
its limitation. For instance, tetrachloromethane (another name is tetrachlorocarbon) is 
an exempted organic compound from outdoor regulation by its relative non-reactivity. 
However, it can still pose serious health risks to exposed individuals (e.g. cancer) if this 
compound is present in indoor environment according to California Environmental 
Protection Agency (Cal/EPA, 2011), and this compound could contribute to stratospheric 
ozone depletion as well. 
1.3.2 Conclusion 
In order to (i) include as much target compounds as possible and (ii) cover both the 
environmental and health effects of VOCs in our future discussions, the broader definition of 
VOCs based on its vapor pressure as defined by the EU Directive 1999/13/EC is utilized. 
Therefore, in this study VOCs include any organic compound, but excluding methane, 
having at 293.15 K a vapor pressure of 0.01 kPa or more, or having a corresponding 
volatility under the particular conditions of use. 
1.4 Major sources of VOCs 
Table 2 below shows an overview of important VOCs sources and their global emission. 
As such, sources of VOCs can be divided into two broad groups: natural sources and 
anthropogenic sources. Airborne VOCs which are emitted naturally from the Earth’s 
surface to the atmosphere are named biogenic VOCs (BVOCs).  
Table 2 also discloses that primary BVOCs emissions in total are considered to be 
approximately ten times larger than the sum of the principal anthropogenic emissions 
including fossil fuel emissions and biomass burning.  
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Table 2. An overview of significant VOCs sources and their global emission rates (Tg 
C/year; Tg = 1012 g). 
Sources Emission rate/year Uncertainty range 
Natural sources   
   Terrestrial plants 
  
         Isoprene  460 200–1800 
         Sum of monoterpenes  140 50–400 
         Sum of other VOCs 580 150–2400 
   Oceans 
  
         Alkanes  1 0–2 
         Alkenes  6 3–12 
Total  1187 
 
Anthropogenic sources 
  
   Fossil fuel use 
  
         Alkanes  28 15–60 
         Alkenes  12 5–25 
         Aromatic compounds  20 10–30 
   Biomass burning 
  
         Alkanes 15 7–30 
         Alkenes  20 10–30 
         Aromatic compounds  5 2–10 
Total  100 
 
Adapted from Koppmann (2007). 
However, VOCs can also emit significantly from construction materials, consumer 
products, and human activities inside buildings (Finnlayson-Pitts and Pitts, 2000; 
Pluschke, 2004; Van Durme, 2008) leading to the specific science of organic indoor air 
pollution (Salthammer and Uhde, 2009). In the next sections, natural, human-made, and 
indoor sources of VOCs are further presented. 
1.4.1 Natural sources 
The discovery that vegetation is partially responsible for the blue haze commonly 
observed in the atmosphere above many forests has led to an increase in studies which 
then identified BVOCs emissions (Went, 1960; Rasmussen and Went, 1965). Revelations 
that isoprene can be the dominant VOC impacting regional tropospheric photochemistry 
and ozone production (Chameides et al., 1988) dramatically increased the number of 
studies focusing on BVOCs. As research has progressed over the last few decades, the 
understanding of the types and quantities of BVOCs emissions has grown significantly. 
Several review articles (Fuentes et al., 2000; Penuelas and Staudt, 2010; Guenther, 2013; 
Oderbolz et al., 2013; Rinnan et al., 2014) and books (Joó, 2011; Pokorska, 2012; Niinemets 
and Monson, 2013) can provide a detailed scientific history and information on the topic 
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of BVOCs. Within the scope of this section, only categories of BVOCs and important 
sources of BVOCs (i.e. terrestrial plants and oceans) are summarized. 
BVOCs can be classified into four categories: isoprene, monoterpenes, other reactive 
BVOCs and other BVOCs as seen in Table 3 below. Two groups of other reactive BVOCs 
and other BVOCs are defined based on their atmospheric lifetimes less or greater than 
one day, respectively (Guenther et al., 1995). This atmospheric lifetime (see further at 
Section 1.4.3) is defined as the time taken for the concentration to decay to 37% of its 
initial value once its source is removed (Heard, 2006). 
To reflect the most updated research in this field, two new categories called very reactive 
BVOCs (VR-BVOCs) with atmospheric lifetimes in order of minutes to hours and 
oxygenated BVOCs (OBVOCs) have been added (Holzinger et al., 2005). Examples of VR-
BVOCs are β-caryophyllene, β-farnesene, and α-terpinene; and examples of OBVOCs are 
acetone and methyl butenol. 
 
Table 3. Categories of BVOCs, corresponding lifetimes, and emission rates (Tg C/year).  
Category Lifetime Formular Emission rate Example 
Isoprene 1-2 hrs C5H8 503 Isoprene 
Monoterpenes 0.5-3 hrs C10H16 127 α-Pinene 
Other reactive BVOCs <1 day CxHyOz 260 2-Methyl-3-buten-2-ol 
Other BVOCs >1 day CxHyOz 260 Methanol 
Source: Guenther et al., 1995; Tg = 1012 g. 
 
There are hundreds of BVOCs emitted into the atmosphere (e.g. Karl et al., 2001; 
Hanrahan, 2012; IARC, 2012); but relatively few compounds (e.g., isoprene, methanol, 𝛼-
pinene, acetone, and ethene) dominate the total flux (Guenther, 2013). Terrestrial plants 
account for the largest portion of BVOCs emissions and comprise 75% of the total global 
BVOCs. The main emission from deciduous trees concerns isoprene, while terpenoid 
emissions are dominant from coniferous trees (Koppmann, 2007). Certain pine species 
emit methyl butenol in large quantities (Schade and Goldstein, 2001). Furthermore, 
coniferous forests can account for a large fraction of OBVOCs emissions including 
methanol, acetone, ethanol, and acetaldehyde (Koppmann, 2007). Both coniferous and 
deciduous forests can emit VR-BVOCs compounds, particularly during the flowering 
season of deciduous trees (Holzinger et al., 2005). 
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Other vegetated ecosystems, including shrubs and grasslands, can also be a significant 
source of BVOCs emissions (Koppmann, 2007). According to this study, the fraction of 
shrubs that emit isoprene is considered to be similar to that of trees. Terpenoid 
compounds can be emitted in high quantities from shrubs, particularly in the 
Mediterranean ecosystems such as those in California and Europe. Another study has 
found that even undisturbed grasslands can emit significant amounts of BVOCs including 
19 compounds with 6-10 carbon atoms (Fukui and Doskey, 2000). 
In general, oceans are a less contributing source of BVOCs when compared to terrestrial 
vegetation (see Table 2). On the contrary, oceans are the most abundant source of specific 
compounds such as hydrocarbons, OVOCs, halocarbons, and sulfur-containing 
compounds. For example, among those BVOCs from ocean emissions, dimethyl sulfide 
(DMS) is the most emitted VOC (Exton et al., 2015). Dimethylsulphoniopropionate which 
is the secondary metabolite involved in physiological functions in marine algae is the 
primary precursor to DMS (Stefels et al., 2007; Curson et al., 2011)  
In short, knowledge on BVOCs has rapidly been expanding because of at least two 
centrally relevant arguments. First, eco-physiologists investigate BVOCs to elucidate the 
mechanisms of plant photosynthesis and metabolism (Niinemets and Monson, 2013). 
Secondly, BVOCs are the dominant reactive organic compounds in the troposphere, 
making them important not only to atmospheric chemists but also to climatologists 
(Seinfeld and Pandis, 2006; Penuelas and Staudt, 2010; Rinnan et al., 2014). 
1.4.2 Anthropogenic sources 
The Emissions Database for Global Atmospheric Research (EDGAR) offers a 
comprehensive systematic approach, and this inventory provides a time-series of global 
human-made emissions to estimate emission rates of anthropogenic greenhouse gasses 
and air pollutants including VOCs (EDGAR, 2011). The calculation of the EDGAR has been 
utilized in the assessments of the Intergovernmental Panel on Climate Change (IPCC, 
2001a) and recent articles (Muntean et al., 2014; Crippa et al., 2016; Koplitz et al., 2017). 
The data from the EDGAR inventory is also utilized in this section to discuss the global 
human-made VOCs emissions (EDGAR, 2011). 
Within the EDGAR, sources are divided into 21 categories which can roughly be 
rearranged in five major groups: (i) fossil fuel use and production, (ii) industrial processes, 
(iii) biomass burning, (iv) buildings, and (v) waste disposal (see Table 4 below). 
Within the fossil fuel use and production group, four source categories can be 
distinguished (i.e. fossil fuel fires, non-road transportation, road transportation, and 
transformation fossil fuel and production refineries). Roughly, the emissions from this 
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group are estimated to sum up to a global total of 62 Tg/year. Transformation fossil fuel, 
production refineries, and road transportation categories are the main emission 
contributors accounting for 38% of the total VOCs emission while fossil fuel fires and non-
road transportation categories are negligible accounting around 1%.  
VOCs emitted by road traffic (also named mobile sources) consist of different kinds of 
hydrocarbons. These include (i) alkanes and cycloalkanes, (ii) alkenes, (iii) alkynes, and 
(iv) aromatic hydrocarbons. It is documented that vehicle exhaust is the largest source of 
VOCs, contributing to more than 50% of ambient VOCs at seleted urban sites in China (Liu 
et al., 2008). The general understanding is that vehicle VOCs emission depends on speed, 
the condition of a vehicle and the type of fuel used. For example, gasoline exhaust is four 
times higher than diesel exhaust as far as VOCs emission is concerned (Watson et al., 
2001). This study also shows that gasoline vehicle exhaust, liquid gas, and gasoline 
evaporation contribute around 50% of the ambient VOCs in more than 20 urban areas, 
mostly in the US. 
Furthermore, Table 4 shows that organic solvents contribute the most to anthropogenic 
emissions by industrial processes (21.6 Tg/year). The solvents with different physical and 
chemical properties can belong to various chemical classes such as alkanes, aromatic 
hydrocarbons, halogenated hydrocarbons, oxygenated compounds, and amides. They are 
used in the manufacturing of many consumer goods, such as paints, adhesives, and inks, 
for which evaporation of the solvent is essential after being opened for usage (Koppmann, 
2007). These activities lead to high emissions at a higher temperature during warm 
seasons of the year (Borbon et al., 2003).  
Although cleaner and more efficient technologies have been introduced today, there is a 
concern that solvent emissions in some parts of the world are still on the increase. For 
example, it has been predicted that VOCs emissions in China from solvents and paints will 
be nearly five times as high in 2020 compared to 1990 (Klimont et al., 2002). That 
prediction is in agreement with global VOCs emission of solvents, which has contributed 
the most to industrial processes, increased at a rate of around 1.2% per year for ten years 
between 1999 and 2008 (EDGAR, 2011).  
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Table 4. Major anthropogenic sources of VOCs and their emission for the year 2008. 
Sources of anthropogenic VOCs Emission 
(kton) 
Percentage  
(%) 
Fossil fuel use and production 62030  
   Fossil fuel fires  100 0.1 
   Non-road transportation  1520 1.0 
   Road transportation  20649 12.9 
   Transformation fossil fuel and production refineries 39769 24.9 
Industrial processes 29544 
 
   Energy industry  540 0.3 
   Combustion in manufacturing industry  2158 1.4 
   Paper, chemical, food industry 5215 3.3 
   Solvents  21631 13.5 
Biomass burning 28273 
 
   Agricultural waste burning  4090 2.6 
   Large-scale biomass burning  24183 15.1 
Buildings (e.g. construction of residential houses) 37398 23.4 
Waste disposal  2502 1.6 
Total 1.60E+05 100.0 
Redrafted from EDGAR, 2011. 
Biomass burning is defined as the burning of living and dead vegetation, and 90% of all 
biomass burning events are the result of human activities. Human-induced fires are used 
for a variety of purposes in agricultural expansion, deforestation, bush control, weed and 
residue burning, and harvesting practice etc. (Koppmann et al., 2005). Based on the 
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EDGAR inventory, biomass burning consists of two categories: agricultural waste burning 
and large scale biomass burning. For 2008, the annual global emission of VOCs due to 
biomass burning was estimated to be 28 Tg of which large-scale biomass burning accounts 
for 85% (EDGAR, 2011). Review articles for VOCs, other gaseous, and aerosol emissions 
from biomass burning and update information for this topic can be found elsewhere 
(Andreae and Merlet, 2001; Koppmann et al., 2005; Li et al., 2014). 
Between the last two groups in Table 4, VOCs emissions by waste disposal only account 
for a small percentage of about 1.6%. On the contrary, VOCs emissions by buildings (37.4 
Tg) is a significant number, accounting for some 25% to the global anthropogenic VOCs 
emission. This issue will be further discussed in the following section. 
1.4.3 Indoor sources 
The contribution of the construction to the global VOCs emission highlights the fact that 
anthropogenic VOCs constitute important classes of indoor air toxics. So, characterizing 
their emissions from construction materials and consumer products is of interest for the 
establishment of risk assessment and the development of policies in the manufacturing 
of environmentally friendly products (Liu et al., 2013; Norgaard et al., 2014). 
In addition to the infiltration of outdoor air into enclosed environments (e.g. offices, 
shops, bars, public buildings and houses), two major sources contributing to the indoor 
air pollution are (i) construction materials and consumer products and (ii) human 
activities inside buildings (Van Durme, 2008; Walgraeve, 2012).  
Emissions can occur from both building materials and consumer goods like flooring 
materials, particle board, paints, varnishes, lacquers, adhesives, fingernail polish, 
cleaning agents, moth repellents, deodorants, fragrances, and hobby supplies. An 
overview of VOCs emitted from construction materials is given in Table 5 below. 
Almost every human activity leads to the release of some VOCs into the air such as 
painting the house (Simion et al., 2015), cooking (McDonald et al., 2003; Huang et al., 2011; 
IARC, 2012), and even in exhale of breath by hospital patients (Lamote et al., 2016). These 
human activities possibly result in the emissions of organic compounds such as carbonyls, 
alcohols, alkanes, alkenes, esters, aromatics, ethers, and amides.  
Human activities inside buildings such as smoking, cleaning, and cooking are considered 
to be primary sources (Walgraeve, 2012). For example, without taking into account 
inorganic compounds, a list of some 2992 airborne organic pollutants can be found in 
tobacco smoke (Hanrahan, 2012). 
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Table 5. A diversity of VOCs emitted from building materials.  
Source VOCs 
Carpet adhesive Toluene 
Floor adhesive  Nonane, decane, undecane, dimethyloctane, 2-methylnonane 
Particle board  Formaldehyde, acetone, hexanal, propanol, butanone, 
benzaldehyde, benzene, 
Moth crystals p-Dichlorobenzene 
Floor wax  Nonane, decane, undecane, dimethyloctane, trimethylcyclohexane, 
ethylmethylbenzene 
Wood stain  Nonane, decane, undecane, methyloctane, dimethylnonane, 
trimethylbenzene 
Latex paint  2-Propanol, butanone, ethylbenzene, propylbenzene, dibutylether , 
butylpropionate, toluene, formic and acetic acid 
Water-based acrylic wall 
paint  
1,2-Propanediol, isomers of 2,4,4-trimethyl-1,3-pentanediol 
monoisobutyrate 
Furniture polish  Trimethylpentane, dimethylhexane, trimethylhexane, 
trimethylheptane, ethylbenzene, limonene 
Polyurethane floor finish  Nonane, decane, undecane, ethylbenzene, dimethylbenzene 
Room freshener  Nonane, decane, limonene, substituted aromatics (fragrances) 
Vinyl flooring  Alkyl aromatics, dodecane, 2,2,4-trimethyl-1,3-pentanediol, 
diisobutylate, 2-ethyl-1-hexanol, phenol, cresol, ethyl hexyl acetate 
Floor varnish  Butyl acetate, N-methylpyrrolidone 
Laminated cork floor tile  Phenol 
Carpets  4-Phenylcyclohexene, styrene, 4-ethenylcyclohexene, 2-ethyl-1-
hexanol, nonanol, heptanol 
Silicone caulk  Methyl ethyl ketone, butyl propionate, 2-butoxyethanol, butanol, 
benzene, toluene 
Paint  Dibutyl phthalate 
Adapted from Finnlayson-Pitts and Pitts, 2000. 
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Another illustration is the indoor use of small and old-fashioned combustion devices, 
such as coal/firewood which are still widely used in the developing world. These 
combustion devices are frequently difficult to start without strong emission of air 
pollutants owing to the difficulty of mixing the material/fuel with air. A significant 
fraction of the fuel carbon not completely burned off is converted to particles, polycyclic 
aromatic hydrocarbons (PAHs), substituted PAHs, and a wide range of VOCs. For example, 
coal emission by burning consists of a range VOCs according to the International Agency 
for Research on Cancer (IARC) as presented in Table 6 below by chemical groups (IARC, 
2012). 
 
Table 6.  A range of VOCs emitted by household combustion of coal. 
Chemical group VOCs in details 
Alkanes C1–C10 
C2–C10 (including 1,3-butadiene) 
Benzene, xylenes, toluene, styrene 
Alkenes  
Aromatics  
Aldehydes and ketones Acetaldehyde Isobutyraldehyde 
 
Acetone Isovaleraldehyde 
 
Acrolein m,p-Tolualdehyde 
 
Benzaldehyde ortho-Tolualdehyde 
 
Butyraldehyde Propionaldehyde 
 
Crotonaldehyde Valeraldehyde 
 
Formaldehyde 2-Butanone 
 
Hexaldehyde 2,4-Dimethylbenzaldehyde 
Redraft from IARC, 2012. 
Given those sources of indoor VOCs, the indoor-to-outdoor concentration ratios (I/O) are 
frequently greater than parity for some VOCs. For example, some research has found the 
I/O value between one and ten excluding limonene which could reach up to 100 (Jia et al., 
2008). These findings are in agreement with other studies on compilation of I/O values 
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for different kinds of VOCs (Finnlayson-Pitts and Pitts, 2000). Seasonal differences of the 
I/O were found for compounds which have both indoor and outdoor sources (decane, 
nonane, undecane, trimethylbenzene, ethylbenzene, m/-p-xylene, and toluene) and 
compounds with high indoor sources (limonene, 1-butanol, 3-carene, α-pinene) (Edwards 
et al., 2001). Indoor to outdoor ratios are typically lower in summer compared to winter 
due to the possible increased ventilation during summer time (Walgraeve, 2012). 
1.4.4 Conclusion 
Three further arguments relating to the major sources of VOCs should be stressed to end 
this section. First, airborne VOCs are emitted from both biogenic and anthropogenic 
sources in which biogenic compounds dominate VOCs emissions worldwide while the 
anthropogenic VOCs prevail in urban areas (Shen et al., 2013). Second, distinction 
between biogenic and anthropogenic VOCs in the atmosphere is far from straightforward 
since many VOCs are produced by both sources (Koppmann, 2007). Third, there have been 
significant changes in the building materials and consumer products for indoor use 
during the past half-century. Given these, both the concentrations and the kind of VOCs 
found indoors are never constant, and changes occur day-to-day and month-to-month 
(Weschler, 2009). 
1.5 Major sinks of VOCs 
For most VOCs that have constant concentrations over time, there should exist a balance 
between emission and removal processes since the VOCs have not been observed to 
accumulate at rates proportional to those of discharge. This argument excludes limited 
halogenated VOCs acting as ozone-depleting substances (e.g. CFCs) which are very stable 
in the troposphere as reported by the World Meteorological Organization (WMO, 2014).  
The global budget for atmospheric VOCs (see Figure 2) has been estimated by Goldstein 
and Galbally (2007) suggesting that (i) the formation of SOA which can be removed either 
by deposition or oxidation might account for the loss of approximately half of the VOCs 
entering the atmosphere; and (ii) airborne VOCs undergo some physical (e.g. deposition) 
and chemical processes (oxidation) leading to one or more removal procedures, termed 
here as sinks, acting on these compounds.  
 18 
In this section, physical sinks of VOCs at the earth’s surface will be briefly presented, 
while chemical sinks will be treated in more detail as they are the principal subject of this 
section. 
 
Figure 2. Proposed mass-balance based estimate of the global budget for atmospheric VOCs; 
Units in Tg C/yr; Tg = 1012 g (adapted from Goldstein and Galbally, 2007).  
1.5.1 Physical sinks 
Physical removal of VOCs to the earth’s surface may occur by dry deposition and wet 
deposition (Atkinson and Arey, 2003). These processes have been discussed in detail 
(Hester and Harrison, 1995; Wesely and Hicks, 2000) and can be summarized as follows. 
Dry deposition onto water surfaces, plants, vegetation, and soil surfaces requires both the 
transporting of trace gas species (i.e. µg/m3 or ppbv concentration levels) to the surface 
within the atmospheric boundary layer and its subsequent reaction or adsorption at the 
surface or on surface elements. Hence, dry deposition tends to act efficiently on those 
VOCs present in the atmosphere close to the surface where biological uptake occurs. 
The removal of trace gasses by precipitation, referred to as wet deposition, results from 
the incorporation of the compounds into falling precipitation (wash-out) and by the 
incorporation into cloud droplets. As far as VOCs are concerned, these removal processes 
are only significant for VOCs that are readily soluble. Clearly, most low molecular mass 
VOCs do not stand in this category and therefore cannot be removed significantly by wet 
deposition. The highly polar carboxylic acids and alkyl hydroperoxides are probably the 
only classes of VOCs that can undergo wet removal. 
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1.5.2 Chemical sinks: gas phase reactions 
For the gas phase reactions, VOCs are transformed by chemical processes  including (i) 
reaction with the hydroxyl (OH) radical typically during daylight hours, (ii) reaction with 
the nitrate (NO3) radical during evening and nighttime hours, (iii) reaction with ozone, 
and in coastal and marine areas reaction with chlorine atoms during daylight hours, and 
(iv) during photolysis (Figure 3a).  
The reaction mechanisms of chemical transformation occurring in the troposphere 
depend on the individual compound. More information on the specific reactions involved 
for each of the classes of VOCs (e.g. alkanes, alkenes, aromatic hydrocarbons, phenols, 
OVOCs) is reviewed in detail elsewhere (Atkinson and Arey, 2003). 
The gas phase oxidation of VOCs in the air is mostly initiated by the OH radical, as 
illustrated by tropospheric lifetimes for selected VOCs (Table 7). The first products of the 
gas-phase reactions are intermediates, and the final products frequently consist of carbon 
dioxide and water. The key intermediates are organic peroxy (RO2•) and alkoxy (RO•) 
radicals (Figure 3a). The intermediate oxidation products may have lower vapor 
pressures, higher polarity or stronger light absorption properties than the precursors, 
making these intermediate products potentially more susceptible to physical removal or 
photolysis (Koppmann, 2007).  
Photolysis is a removal process for a limited range of VOCs that show strong absorption 
features in ultraviolet and visible regions of the spectrum at wavelengths >290 nm since 
shorter wavelengths are absorbed by oxygen and ozone in the stratosphere (Hester and 
Harrison, 1995; Atkinson and Arey, 2003). For example, photolysis lifetimes of aldehydes 
and ketones in the sunlit troposphere amount to the order of 4 hours and 60 days, 
respectively (Atkinson and Arey, 2003). 
The absorption of light by matter opens up a new dimension of physical and chemical 
processes. Photochemistry of organic compounds, in general, and atmospheric chemistry 
of VOCs, in particular, is an interdisciplinary field of all natural sciences and many 
technical disciplines which are discussed in detail elsewhere (Klán and Wirz, 2009).  
To determine the decline of VOCs in the atmosphere, the following equation can be used 
for the description of its reaction with OH radical: 
 𝐶𝑡 =  𝐶𝑜 ∗ exp(−𝑘[𝑂𝐻]𝑡) (Eq.1) 
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Where Ct and Co represent the concentration at the time t and at the source respectively, 
k is the reaction rate coefficient and [OH] is the abundance of OH radicals. With  the [OH] 
concentration assumed to be a constant, k can be replaced by the pseudo-first-order rate 
coefficient. 
 𝑘′ = 𝑘 ∗ [𝑂𝐻]  (Eq.2) 
Therefore, the atmospheric lifetime (T) of a VOC can then be calculated by the sum of the 
reciprocal values of the individual rate constants of the radical reactions (i.e. for OH, O3, 
Cl, NO3) and the photolysis rate constant (jA). 
 𝑇 =  1 𝑘𝑂𝐻
′ ⁄ + 1 𝑘𝑂3
′⁄ + 1 𝑘𝐶𝑙
′ ⁄ +  1 𝑘𝑁𝑂3
′⁄ + 1 𝐽𝐴
⁄  (Eq.3) 
Thus, T in the above equation denotes the time needed until 1/e of the initial 
concentration is left. Atmospheric lifetimes of VOCs are as long as days to months for 
alkanes but can be as short as a matter of hours for the more reactive alkenes such as 
terpenes, isoprene and butenes (Atkinson and Arey, 2003). Even some VR-BVOCs can have 
a lifetime of just a few minutes. 
Table 7. Tropospheric lifetimes for selected VOCs at 298 K.  
VOCs OH NO3  O3 Photolysis 
Propane 11.0 d >1.8 yr >4500 yr 
 
2,2,4-Trimethylpentane 3.5 d 1.4 yr >4500 yr 
 
n-Octane 1.4 d 240.0 d >4500 yr 
 
Ethene 1.4 d 225.0 d 10.0 d 
 
Propene 5.3 h 4.9 d 1.6 d 
 
Isoprene 1.4 h 48.0 min 1.3 d 
 
α-Pinene 2.7 h 5.4 min 4.7 hr 
 
Benzene 9.5 d >4.0 yr >4.5 yr 
 
Toluene 2.1 d 1.8 yr >4.5 yr 
 
1,2,4-Trimethylbenzene 4.3 h 26.0 d >4.5 yr 
 
o-Cresol 3.4 h 2.4 min 55.0 d 
 
Formaldehyde 1.2 d 83.0 d >4.5 yr 4 h 
Acetone 68.0 d >4.0 yr 
 
60 d 
Ethanol 3.6 d >23.0 d 
  
Methyl tert-butyl ether 3.9 d 64 d 
  
Lifetime calculated using the following:  for OH radical reactions, a 12-h daytime average of 2.0 × 106 radical 
cm-3; for NO3 radical reactions, a 12-h nighttime average of 5 × 108 radical cm-3; for O3, a 24-h average of 7 × 
1011 molecule cm-3; and photolysis by overhead sun. (Atkinson and Arey, 2003). 
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1.5.3 Chemical sinks: heterogeneous reactions  
The so-called heterogeneous reactions (Figure 3b) in the atmosphere take place in more than 
one phase like a gas reacting with a solid or a liquid (Seinfeld and Pandis, 2006). Some 
VOCs such as isoprene, terpenes, and aromatics, as well as some of their gas-phase 
products, can contribute to the formation of SOA (Claeys et al., 2004; Volkamer et al., 
2006). The fate of VOCs in this way, having the potential to affect the Earth's radiative 
balance, is called heterogeneous reactions and is currently under investigation e.g. by Shen 
and co-workers (Shen et al., 2013). 
The heterogeneous reactions of VOCs (Figure 3b below) have a significant impact at least 
on the trace gas budget, SOA formation, and physicochemical properties of aerosols. 
Therefore, these reactions are potentially related to effects on human health. For 
example, heterogeneous reactions of VOCs can generate new toxic organic species, e.g. 
hydrogen peroxide (H2O2), hydroxyl (OH) radical, and superoxide anion (O2–), resulting in 
a variety of oxidative damage to cell DNA (Cadet et al., 1999; Valavanidis et al., 2008).  
1.5.4 Conclusion 
VOCs in ambient air would have a massive accumulation leading to an entirely different 
and hazardous atmosphere without their sinks.  
The gas phase reactions of VOCs, frequently initiated by the OH radical, are the most 
important chemical sinks concerning a great diversity of VOCs while only limited OVOCs 
containing reactive oxygen-containing functional groups (e.g. CO, COH, and COOH) may 
facilitate heterogeneous reactions. 
The degradation reactions of VOCs in the presence of NOx and sunlight result in the net 
formation of tropospheric ozone which is a crucial secondary air pollutant due to (i) its 
toxicity for humans (WHO, 2005; EEA, 2015) and (ii) being one of the four top greenhouse 
gasses concerning global warming (Houghton, 2004). In the following section, further 
information on ground-level ozone concerning airborne VOCs is presented.  
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Figure 3. Chemical sinks of VOCs: gas phase reactions (A) and heterogeneous reactions (B) 
(Redrafted from Shen et al., 2013). 
  
A. Gas phase reactions of VOCs 
 
B. Heterogeneous reactions of VOCs 
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1.6 Adverse effects of atmospheric VOCs 
Apart from undesired effects on human health (Desonie, 2007) and odor complaints 
(Luvsanjamba, 2008; Rumsey et al., 2014), atmospheric VOCs can influence physical and 
chemical behavior of the atmosphere in several ways. Examples include (i) ground-level 
ozone formation (Atkinson, 2000; Carter and Heo, 2012; Alghamdi et al., 2014) (ii) 
stratospheric ozone depletion (Molina and Rowland, 1974; Stolarski and Cicerone, 1974), 
(iii) global warming impacts (Houghton, 2004), and (iv) contribution to secondary PM 
formation as SOA or toxic oxidation products (Cadet et al., 1999; Shen et al., 2013). Though 
all these adverse effects of VOCs are of equal importance, only carcinogenic effects, 
tropospheric ozone formation, and odor nuisance together with the sick building 
syndrome (SBS) will be further discussed to set the scenes for the next chapters. Air 
pollution and health effects concerning VOCs will appear in more detail in Chapters 3, 4 
and those concerns are put in a larger context in Chapter 5. 
1.6.1 Cancer 
Carcinogenic VOCs are of great concern and are subject to national and regional laws 
(WHO, 2000). Some of these VOCs are widely distributed in the atmosphere such as (i) 
benzene and 1,3-butadiene, being potential leukemia inducing agents and (ii) 
formaldehyde as a potential nasal carcinogen (Hester and Harrison, 1995). 
Cancer risk assessment has been motivated and guided by a deep desire by most risk 
managers and regulators to determine the threshold doses/exposures. A specific 
chemical should possess an absolute threshold value below which an exposure should not 
elicit an adverse health effect in humans (Edler and Kitsos, 2005). Current risk assessment 
basics have been laid out in the US by the National Research Council (NRC, 2009), which 
as a result, has put risk assessment in four key components (Hsu and Stedeford, 2010) as 
follows: 
(i) Hazard Identification: Identification of intrinsic hazardous compounds; 
(ii) Dose-Response Assessment: Determination of the dose/concentration– 
response characteristics; 
(iii) Exposure Assessment: Determination of the sources, routes (air, soil, water, 
food) and the amount of exposure; 
(iv) Risk Characterization: Comparison of information on hazardous properties 
and effective dose levels/concentrations with exposure levels to characterize 
the degree of risk posed by the substance to human health.  
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These four components are in high agreement with the definition of risk assessment by 
the European Commission as documented elsewhere (Renwick et al., 2003).  
The hazard identification and dose-response assessment steps are regarded as descriptive 
of the properties of a toxic agent, toxic properties, and dose response curves. They do not 
vary from one location to another. In contrast, the exposure assessment and risk 
characterization steps address a specific human population. These latter components deal 
with (i) considering the various exposure pathways that may be involved, (ii) estimating 
the level of human exposure to the toxic agent, and then (iii) characterizing the risk by 
determining where that level of exposure is situated on the dose-response curve (Edler 
and Kitsos, 2005; Shields, 2005).  
Given these four risk assessment components, cancer risk can be defined as a function of 
hazard and exposure (Robson and Toscano, 2007). It means that quantitative data of 
exposure to a specific human population play a pivotal role to carry out the desired work. 
When the exposure pathway is via inhalation, a prominent example of this concern is 
benzene. This VOC is carcinogenic to humans, and there can be no safe level of exposure 
that can be recommended at all (WHO, 2000). Furthermore, this report reveals that 
inhalation accounts for more than 99% of the benzene exposure of the general 
population, whereas the benzene intake via food and water is minimal.  
Although cancer risk assessment is an ever-evolving discipline, guidance on evaluating 
toxicological data and understanding the relevance of such data to hazard evaluation and 
cancer risk estimation have been well explained and regularly updated (e.g. Hsu and 
Stedeford, 2010). In this thesis, cancer risk assessment and exposure of airborne VOCs by 
inhalation for a specific human population will be further investigated in Chapters 3 and 4, 
respectively. 
1.6.2 Tropospheric ozone formation 
One indirect effect of VOCs is through the production of tropospheric ozone (Figure 3). 
Ozone can cause respiratory tract inflammation, reduce respiratory capacity, increase 
hospitalization rates related to asthma, and other respiratory ailments. There has also 
been systematic evidence which indicates that short-term exposure to ozone is associated 
with premature mortality following episodes of photochemical smog in the US (Volkamer 
et al., 2010). 
Several long-term studies have shown that the number of attributable deaths due to 
tropospheric ozone is increased by an estimate of 1–2% on days when the 8-hour mean 
ozone concentration reaches 100 μg/m3 compared to when the ozone levels are at a 
baseline level of 70 μg/m3 (the estimated background ozone level). Health effects have 
been observed to become severe and numerous as ozone concentrations increase above 
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the guideline value of 100 μg/m3. These effects were reported to occur in places where 
concentrations are high due to human activities or are elevated during episodes of 
extremely hot weather (WHO 2005) 
Since VOCs can undergo a variety of photochemical oxidation processes (see Figure 3 and 
Table 7), assessment on the impacts of VOCs on ozone formation can be complicated. For 
example, reducing the surface ozone in the US to concentration levels to comply with the 
national air quality standard has proven to be challenging, despite tighter controls on 
ozone precursor emissions (Fiore et al., 2005).  
The influence of different VOCs is dependent on the spatial and temporal pattern of 
emissions, photochemical reaction rates and the molecule-dependent potential for 
producing ozone (Koppmann, 2007). Furthermore, the complex chemistry of atmospheric 
VOCs indicates that ozone formation is influenced by several factors like (i) the VOCs/NOx 
ratio (Finlayson-Pitts and Pitts, 1997) and (ii) meteorological conditions such as 
temperature, humidity (Aneja et al., 2000), wind speed, and boundary-layer depth (Banta 
et al., 2011).  
The two most widely used approaches to rank airborne VOCs according to their ozone 
formation potential (OFP) are the photochemical ozone creation potential (POCP) 
(Derwent et al., 1996) and maximum incremental reactivity (MIR) scale (Carter, 1994 and 
2010; Carter and Heo, 2012).  
POCP considers transport effects and spatial variations in NOx emissions by expressing 
ozone reactivity relative to the reference of ethylene (Derwent et al., 1996). Ethylene is 
used as a benchmark for the POCP scale due to its distinct degradation pathways and low 
molecular mass. An updated listing of POCP values for 178 organic compounds 
determined for European multi-day conditions can be found in (Derwent et al., 2007). 
On the other hand, the MIR scale is calculated based on (i) VOCs mixing ratios which were 
averages of ambient measurements from 39 US cities and (ii) NOx mixing ratios adjusted 
to the level that produces highest incremental reactivity at the end of a 10-hour 
simulation (Carter, 1994; Hakami et al., 2004; Butler et al., 2011). The MIR for an individual 
compound is defined as the maximum sensitivity of the peak ozone concentration to a 
small increase in the initial conditions and emissions of that compound. An update on 
this approach can be found in Carter (2010) and Carter and Heo (2012).  
The approach based on MIR scale to estimate OFP has been utilized for air regulatory 
applications in California, USA. This thesis follows MIR scale approach as seen latter for 
the works carried out in Chapters 2 and 3. 
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1.6.3 Odor nuisance and sick building syndrome  
Some VOCs can affect human senses through their odor and narcotic effects, especially 
after long periods of exposure. For example, DMS and dimethyl disulfide have been 
closely related to odor complaints (Luvsanjamba, 2008; Rumsey et al., 2014). These sulfur 
VOCs, emitted from different anthropogenic sources (e.g. waste treatment plants) cause 
odor nuisance to surrounding areas because their concentrations in the waste gases 
exceed the odor threshold values (Luvsanjamba, 2008). The agricultural sector and 
industrial sectors are facing more and more odor nuisance, even in developed countries 
(Olfascan, 2015, Van Huffel et al., 2016). Flanders, the Dutch-speaking northern region of 
Belgium, is a good example. The Environmental Inspectorate Division (MI) of this region 
issues an environmental report on the results of its environmental inspections annually. 
The MI has documented that in 2014, odor nuisance is a category which has received the 
most complaints of all (1325 cases), followed by the noise category (674 ones) out of a total 
of 3489 cases related to ten categories (MI, 2014). 
There have been numerous reports of an illness commonly termed as SBS (i.e. the sick 
building syndrome) associated with a variety of offices, schools, and other publicly-
accessible buildings. SBS is characterized mainly by subjective symptoms like mild 
irritation of eyes mucous membranes and the respiratory system, headaches, nausea, 
drowsiness, fatigue, and general malaise (Srivastava et al., 2000). Related health problems 
associated with buildings can be due to the contamination of indoor air by emissions of 
VOCs from building fabrics and furnishings, equipment, maintenance supplies (e.g. 
paints, stains, adhesives, and caulks, petroleum-based solvents), cross contamination, 
bio-effluents, and combustion by-products (Tang Lee, 1996). For example, airborne 2-
ethyl-1-hexanol is closely associated with SBS (Kamijima et al., 2002). As presented in 
Figure 3b, heterogeneous reactions of VOCs have a significant impact on the trace gas 
budget, SOA formation, and physicochemical properties of aerosols. As a consequence, 
these reactions are potentially of adverse effects to human health due to the newly 
formed toxic organic species. 
1.6.4 Conclusion 
Cancer risk of a VOC has been defined as a function of hazard and exposure. By analogy, the 
OFP of an airborne VOC is a function of MIR and its concentration according to the method 
developed by Carter. As such, quantitative data of airborne VOCs are of paramount 
importance in order to carry out cancer risk assessment by inhalation for a specific population 
as well as to estimate tropospheric ozone formation at a selected location. So, it is a good reason 
to discover the different measurement techniques dealing with the enormous number of 
VOCs emitted into the atmosphere. 
 27 
1.7 Measurement techniques 
To better understand occurrences, fate, and behavior of VOCs in all fields, precise and 
accurate analytical techniques are required (Demeestere et al., 2007). Most common 
analytical methods include the separation of a wide range of VOCs by gas 
chromatography (GC) followed by mass spectrometry (MS) detection, flame ionization 
detection (FID) or electron capture detection (ECD) to identify and/or quantify the 
numerous analytes in the complex air matrix (Demeestere et al., 2008; Ras et al., 2009). 
In general, analytical chemistry not only implies the separation and detection of target 
compounds, but also involves a diversity of sample preparation techniques (Mitra, 2003). 
In particular, because the concentration level of VOCs in the atmosphere is low (from 
ng/m3 to g/m3), enrichment is frequently necessary (Demeestere et al., 2007). 
1.7.1 Sampling and sample preparation  
Given the low VOCs concentration levels, appropriate sampling and preconcentration 
techniques are required to comply with the sensitivity of the used analytical instrument. 
There is a diversity of techniques used for the determination of VOCs in air samples. Their 
advantages and disadvantages are compared in detail elsewhere (Demeestere et al., 2007; 
Ras et al., 2009; Walgraeve, 2012). Major approaches for VOCs sampling include (i) whole 
air sampling (Fukui and Doskey, 2000) and (ii) collection on sorbents (Walgraeve, 2012). 
In the sorbent enrichment technique, active sampling and passive sampling are the two 
primary sampling methods, then are discussed in more detail. 
 
1.7.1.1 Active sampling 
Active or dynamic sampling consists of pumping a defined volume of air at a rate typically 
in the range between 10 and 1000 ml/min through a bed of sorbent(s) in a tube where 
analytes are retained (Reeve, 2002; Ras et al., 2009). Sampling duration is in the order of 
minutes and results into collected volumes in the range between 0.1 and 150 L. 
According to Walgraeve (2012), dynamic sampling can be regarded as a standard 
technique and is adopted into several conventional methods such as EPA TO-17, ASTM 
D6196-03, NIOSH 2549, ISO 16017-1, ISO 16000-6. 
In general, the more volatile the analyte to be trapped, the stronger the sorbent must be 
(Markes-International, 2006). A wide range of weak, medium, and strong commercial 
sorbents which are compatible with thermal desorption are summarized in Table 8 
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(Woolfenden, 2010). Porous organic polymers (e.g. Tenax TA, Chromosorb 106, 
Chromosorb 102, Porapak N, Porapak Q) have medium surface areas (from 35 m2/g for 
Tenax TA to 750 m2/g for Chromosorb 106) and are hydrophobic, but have limited 
temperature stability (Mark-International, 2006; Walgraeve, 2012). Among these, Tenax 
TA is characterized by a high thermal stability (350°C) and has very low blank levels which 
makes it an ideal sorbent for trace analysis via thermal desorption. Graphitized carbon 
blacks (e.g. Carbotrap C, Carbograph 2TD, Carbopack B, and Carbopack X) are non-
specific, non-porous adsorbents with high levels of surface homogeneity and hydrophilic 
properties. Carbon molecular sieves (e.g. Unicarb, Carbosieve SIII, Carboxen 1000, 
Molecular sieve 13 Å) are microporous adsorbent materials with narrow pore-size 
distribution and high-temperature limit (400°C). They are ideally suited for the sampling 
of small molecules like permanent gases.  
With these facts, the choice of sorbent depends on specific requirements of the analytical 
problem, and is based on the relative retention capability of the sorbent, which is 
expressed by breakthrough volume (BTV) and safe sampling volume (SSV). More 
information on (i) the definitions of BTV/SSV, (ii) how to determine experimentally BTV/ 
SSV values, and (iii) the guidelines using these values to achieve optimum results for gas 
sampling can be found elsewhere (Markes-International, 2006; SIS, 2015).  
When analytes in a broad volatility range are determined, it might be useful to select 
more than one sorbent and to arrange them in order of increasing sorbent strength from 
the weakest to the strongest. This is because the system keeps less volatile compounds 
from being irreversibly retained on the strongest sorbent (Ras et al., 2009). 
To conclude, the most crucial aspects to be considered during the selection of an 
appropriate sorbent material(s) include (i) target VOCs, (ii) sorption equilibrium at 
sorption and desorption temperature, (iii) reactivity and artefact formation, (iv) water 
and ozone interference, (v) storage stability and blank build-up (Demeestere et al., 2007). 
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Table 8. Common sorbents and their main features listed according to their strength.  
Sorbent Strength Temperature Features 
Quartz wool Very weak >450°C Very inert; Non-water retentive 
CarbographTM 2TD 
CarbopackTM C 
Carbotrap C 
Weak 
 
>450°C Hydrophobic and friable; Very low artifacts; 
Recomended for minimizing back pressure 
Tenax® TA Weak 350°C Hydrophobic and inert; Low artifacts; 
Recomended for volatile components 
CarbographTM 1TD 
CarbographTM B 
Carbotrap 
Weak/Medium 
 
>450°C Hydrophobic and friable; Very low artefact 
levels ; Recomended for minimizing back 
pressure. 
Chromosorb 102 
 
Medium 
 
225°C Hydrophobic and inert; High artefact levels; 
Recomended for volatile components. 
PoraPak Q 
 
Medium 
 
250°C Hydrophobic and inert; High artefact levels; 
Recomended  for volatile components. 
Chromosorb 106 
 
Medium 
 
225°C Hydrophobic and inert; High artefact levels, 
Recomended for volatile components. 
HayeSep D Medium 
 
290°C Hydrophobic and inert; High artifact levels; 
Recommended for volatile components. 
CarbographTM 5TD 
 
Medium/Strong 
 
>450°C Hydrophobic and friable; Very low artifact 
levels; Recommended for minimizing back 
pressure. 
CarbopackTM X 
 
Medium/Strong 
 
>450°C Hydrophobic and friable; Very low artifact 
levels; Recommended for minimizing back 
pressure. 
Carboxen 569 
 
Strong 
 
>450°C Inert and less hydrophilic than most 
carbonized molecular sieves; Very low 
artefact levels; Recommended for volatile 
compounds. 
Unicarb 
 
Strong 
 
>450°C Inert and not hydrophobic; Very low artifact 
levels; Slow conditioning and extensive purge 
to remove permanent gases are both 
required. 
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Sorbent Strength Temperature Features 
Carboxen 1003 
 
Very strong 
 
>450°C Inert and not hydrophobic; Very low artefact 
levels; slow conditioning and extensive purge 
to remove permanent gases are both 
required. 
Carbosieve SIII 
 
Very strong 
 
>450°C Inert and significantly water retentive; Very 
low artifact levels; Recommended for volatile 
compounds but do not use in humid 
conditions. 
Molecular sieve 5Å Very strong >400°C Significantly hydrophilic; High artifact levels; 
Do not use in humid conditions. 
Molecular sieve 13 Å Very strong 
 
>400°C Significantly hydrophilic; High artefact 
levels; Do not use in humid conditions.  
(Redradfed from Woolfenden, 2010). 
 
1.7.1.2 Passive sampling 
As described by Woolfenden (2010), some international standard methods for air 
monitoring make use of passive sampling or diffusive sampling (such as ISO EN 16017-
2:2003, EN 14662-4:2005). Since detailed knowledge of this field can be found elsewhere 
(e.g. Walgraeve et al., 2011 and Walgraeve, 2012), a brief introduction of this technique is 
presented here. 
Passive sampling devices consist of a sorbent, separated from the air to be analyzed by a 
barrier, which is a static layer of air in diffusion type samplers. Mass transport within this 
barrier occurs via molecular diffusion which can be described by Fick’s first law. The 
driving force is a gradient of the VOC concentration in the sampled air (Camb) and the 
concentration of that VOC in the air just above the sorbent of the sampling device (Cads) 
as seen in Figure 4.  
The mass flux, i.e. the mass of the analyte transported towards the sorbent by diffusion 
through the exposed surface area A during a time interval (t), is dependent on the length 
of the diffusion zone (L), the compound dependent diffusion coefficient (D) and a driving 
force between ambient concentration (Camb) and concentration at the adborbent surface 
(Cads). 
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Figure 4. Passive samplers: axial diffusion (left) and radial diffusion (right) (Woolfenden, 
2010). 
In an ideal situation, when working at a fixed temperature and using a sorbent as a perfect 
sink, i.e. Cads is equal to zero, it is possible to calculate the time weighted average (TWA) 
concentration when the sorbed mass m, the exposure time t, and an ideal uptake rate 
(UTRideal = D.A/L) are known. 
However, Walgraeve (2012) pointed out that using the ideal uptake rate (UTRreal) may 
result in quantitative errors. Moreover, uptake rate information as documented in 
literature which mainly focuses on workplace applications (ppmv level, exposure less 
than 8h) rather than on environmental applications (ppbv level, exposure times in the 
order of days-weeks), and it has not been well documented yet as to how passive samplers 
behave in changing sampling and environmental conditions (e.g. temperature 
fluctuations and air movement). Given these, the determination of real uptake rates 
(UTRreal) is of central importance in passive sampling. 
1.7.1.3 Comparison between active and passive sampling  
Passive sampling offers some advantages over active sampling because no sampling 
pumps are required, and relatively small devices can be used for personal exposure 
measuring. Passive sampling is ideally suited to determine TWA concentrations for 
periods ranging from hours (8h) up to several weeks (Gorecki and Namiesnik, 2002). 
However, passive sampling requires a sampler and compound dependent real uptake rate 
(UTRreal) to calculate TWA concentrations. 
The advantage of dynamic sampling over passive sampling is that lower concentrations 
of target compounds can be measured/monitored for a given sampling time (Reeve, 
2002). For a quick analysis, dynamic sampling is preferred because of the short duration 
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(minutes) in active sampling compared to hours (from 1 to 8 hours in workplace 
application) in passive sampling (Demeestere et al., 2007).  
In the following chapters of this research, active sampling is utilized. In this regard, the 
SSV values of any target VOCs are of crucial importance, and this should be strictly 
followed as documented elsewhere (Markes-International, 2006; SIS, 2014). 
1.7.2 Sampling plan 
1.7.2.1 General considerations 
Fundamentals of environmental sampling design (i.e. of air, water, soil, etc.) include 
issues regarding when, where, and how many samples need to be taken. According to Zhang 
(2007), four primary factors (i.e. objectives, variability, cost factors, and non-technical 
factors) need to be well considered as presented in Figure 5. Of these four factors, the 
project objective is probably the most determining factor in sampling design.  
 
 
Figure 5. General criteria for designing the sampling plan (Adatped from Zhang, 2007). 
 
1.7.2.2 Sampling design in this study 
Technical considerations are not explicitely (only partly and indirectly, e.g. in costs) 
mentioned in Figure 5, although technical issues are important e.g. if the objective is real-
time VOCs monitoring. In this case, highly modern state-of-the-art instrumentation (e.g. 
PTR-MS; see further Section 5.2.2.1) and necessary logistics are a prerequisite. However, 
these are not available at the sampling regions where this study has been performed. 
Where? When? 
How many? 
1. Objectives 
- Baseline monitoring 
- Trend detection 
- Search for hot spot 
 
2. Variability 
- Spatial variation 
- Temporal variation 
 
3. Cost factors 
- Sampling cost 
- Analytical cost 
 
4. Other factors 
- Sampling convenience 
- Accessibility 
- Availability of resources 
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Therefore, TD-GC-MS (i.e. thermal desorption-gas chromatography-mass spectrometry) 
is the most suitable analytical methodology for the present study.  
To comply with the sensitivity of the used analytical instrument which will be 
documented in the next sections and to cope with low VOCs concentration levels (i.e. 
µg/m3 or ppbv), preconcentration by active sorptive sampling for 30 min is excecuted. 
This determines the time resolution of the sampling. It means that continuous 
monitoring is not an option. Moreover, the number of samples that can be taken during 
one sampling campaign is restricted by the number of sampling tubes that are available 
and manageable regarding transportation over long distances (see further Figure 6).  
In view of the research objective (see latter Section 1.8), our sampling has been organized 
as an explorative campaign in order to bring forward, probably for the first time, VOCs 
concentration levels for locations where data hardly exist. At least three specific points 
need to be mentioned. 
First, all efforts have been made to come up with systematic sampling taking into account 
the existing limitations. The first aspect of explorative sampling is to search for 
potentially low and high concentration levels. Hence, within each city, the choice has 
been made for sampling a park, a high traffic site, and an indoor site. 
Second, the season is an important factor influencing the sampling design as documented 
elsewhere (e.g. Fanizza et al., 2014). In order to compare results from different locations 
and because of practical limitations, sampling campaigns for urban environments are 
organized in summer time, i.e. between July and September.  
Third, possible variations in VOCs concentrations during the day and from day to day 
need to be considered. So, samples were taken both in the morning and evening of the 
same days and at different days during the week. 
In summary, the results of our explorative campaigns (i.e. Chapter 2 and 3) allow to 
describe ranges of VOCs concentrations. They give a first indication for regions where 
data are lacking but do not allow interpretation in terms of annual or seasonal averages 
or trend detection.  
The details of all sampling campaigns will be outlined in Chapter 2 to 4. 
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1.7.3 Instrumental analysis 
After VOCs are collected on a sorbent via either active or passive sampling, they are 
desorbed either by solvent or thermal desorption (Harper, 2000; Ras et al., 2009). Solvent 
desorption involves the dissolution of the analytes in an appropriate solvent. Careful 
selection of the solvent is necessary to avoid interference with the detection of the 
analytes, and to allow for an efficient extraction of the analytes from the sorbent. 
In gas chromatography (GC) used to separate a mixture of VOCs (Niessen, 2001; McMaster, 
2008), the mobile phase is a highly diffuse gas used to solvate and transport components 
within a mixture through or over a stationary phase, with separation occurring due to 
differences in the rates of migration. The mobile phase gas must have a high diffusion 
coefficient to ensure maximum numbers of gas-stationary phase interactions. The most 
common gasses used are nitrogen, hydrogen, and helium (carrier gas of choice thanks to 
its safety implications). The time a VOC takes to be eluted from the column is known as 
the retention time, and it supports the identification of analytes through standard 
injections. It should be noted that even the highest resolution capillary column in GC 
often has insufficient peak capacity to resolve all VOCs in a normal atmospheric sample. 
Main detectors coupled to GC are FID, ECD, and MS (Wang and Austin, 2006; Demeestere 
et al., 2007).  
Generally, FID is by far the most commonly used detector in GC, since it offers high 
sensitivity, linearity in a wide concentration range, and excellent long-term reliability 
and response. Despite these facts, the complexity of samples can make peak identification 
difficult when co-elution occurs. This fact can be illustrated by studies concerning 
quantitative data of xylene isomers (e.g. Duan et al., 2008; Fanizza et al., 2014). 
The ECD is specifically designed for organohalogen measurements in the atmosphere. 
More details of this technique can be found elsewhere (Urhahn and Ballschmiter, 2000; 
Rivett et al., 2003). Briefly, the GC carrier gas – mostly pure nitrogen – is ionized by a 
radioactive source, commonly 63Ni. The electrons that are formed by the ionization 
produce a large baseline current output from the detector. Therefore, when molecules 
with a high electron affinity pass by the detector, they capture electrons reducing the 
baseline current. This is recorded as a peak (AP, 2017). ECD offers high sensitivity to 
electrophilic compounds, with almost no response for hydrocarbon species. GC-ECD 
measurements require careful calibration due to the considerable variation in response 
to individual halogenated species, although their high stability allows gas standards to be 
used over many years (Koppmann, 2007).  
Although ECD is still an attractive technique (e.g. He et al., 2013; Lee et al., 2014), MS 
detection is now the most popular detection method for airborne VOCs since it offers an 
obvious additional analytical resolution, and bench-top GC–MS technology currently at 
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an advanced stage in terms of regarding reliability, self-calibration, tuning, and 
automation (Heard, 2006). The eluent from the GC column is transferred to the ion source 
directly via a gas tight, heated transfer line making this a simple and convenient 
hyphenated technique. Ions can be produced through different ionization methods, but 
the widely used one is electron ionization (EI). This approach, formerly known as electron 
impact, is an ionization method in which energetic electrons interact with gas phase 
molecules to produce ions. In EI, an electron beam, operated at about 70 eV, is fired at 
molecules as they enter the ion source. The high-energy beam transfers large amounts of 
energy to molecules, which can break up into smaller ions, releasing excess energy. 
Fragmentation patterns can give valuable information about the structure of a molecule. 
The unit of mass here is the Dalton (Da), defined as 1/12 of the mass of an atom of isotope 
12C, which is arbitrarily 12.0000… mass units (Silverstein et al., 2005). A series of m/z (i.e. 
mass-to-charge ratio) ions that are spaced 14 Da apart, for example, indicates the 
presence of a hydrocarbon chain. Therefore, possible identification of an airborne VOC 
can be confirmed through a combination of both spectral information in MS and 
retention time data in GC. 
1.7.4 Conclusion 
Three main findings can be summarized here. First, the diversity of airborne VOCs with 
both short- and long-lived atmospheric lifetimes, coupled with low concentrations and 
sometimes the requirement for in situ automated analysis, has led to the development of 
several analytical techniques and methodologies in this field.  
Second, sampling and analysis (separation/detection) of airborne VOCs may vary 
depending on the specific task and aim, such as regulatory enforcement, regulatory 
compliance, routine monitoring, emergency response, and scientific research (Keith 
1996, Zhang, 2007). Therefore, the purpose of Section 1.7 was not to cover all details of 
current techniques and methodologies for chemical analysis of VOCs since they are well 
documented or at least briefly introduced elsewhere (Niessen, 2001; Gorecki and 
Namiesnik, 2002; Heard, 2006; Kumar and Viden, 2007; McMaster, 2008, Salthammer and 
Uhde, 2009; Ras et al., 2009; Ellis and Mayhew, 2014; Van Huffel et al., 2016; Volckaert et 
al., 2016; IONICON, 2017). Instead, Section 1.7 aims at providing an overview of the 
sampling and analysis techniques used for experimental work in the next chapters.  
Third, the quality of data in any environmental analytical system is of the greatest 
importance to draw any meaningful conclusions regardless of research fields. As such, 
the key issues of calibration technique and quality assurance concerning the chemical 
analysis of an airborne VOCs mixture will be firstly presented in Chapter 2 (Section 2.2) 
and finally summarized in Chapter 5 (Section 5.2.1.1). 
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1.8 Aims and outline 
1.8.1 Aims  
Given the relevance of VOCs as one of the five primary air pollutants especially in urban 
environments where anthropogenic VOCs are dominant, the overall aim of this research 
is to build up an air quality data set focusing on the diversity of airborne VOCs so as to 
enable comparisons of pollution levels and exposure in different areas in the world 
including regions or micro-environments where hardly any data exist today. 
The focus is therefore on environmental analytical chemistry of VOCs as micropollutants 
with three primary specific objectives: 
o To apply active sampling with TD-GC-MS analysis to measure VOCs concentration 
levels in main cities across Europe, Africa, and Asia (Figure 6). 
o To assess differences in VOCs concentration levels measured in outdoor and 
indoor locations of these urban environments. 
o To assess VOCs exposure among different transportation modes.  
 
Two secondary specific objectives are related to the adverse effects of VOCs, in particular: 
o To calculate the ozone formation potential from the measured VOCs 
concentration levels. 
o To perform a cancer risk assessment caused by VOCs inhalation. 
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1.8.2 Outline 
This research work consists of six chapters.  
Chapter 1 provides a literature overview of VOCs in the context of air pollution, including 
sources, effects, and measurement issues. 
Chapters 2 to 4 consist of the experimental parts of the work. In Chapter 2, the occurrence 
of airborne VOCs in urban environments in three different countries of both developed and 
less developed regions are described. Chapter 3 addresses air quality data related to airborne 
VOCs in four developing countries in both urban and industrial environments. In this chapter, 
both ozone formation potential and cancer risk assessment by VOCs inhalation are 
estimated. Chapter 4 deals with VOCs exposure related to three different transportation 
modes investigated during a case study in Ghent. A map of the world and the ten sampling 
cities from five countries is presented in Figure 6 below. 
Finally, two conclusive chapters are presented. Chapter 5 puts air quality in a broader 
context, while Chapter 6 focuses on the main conclusions, scientific significances, and 
future research suggestions. 
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Figure 6. Map of the world and ten sampling cities from five studied countries (all map scales: in km). Ghent is the city where all Tenax TA tubes 
were first prepared and finally analyzed by TD-GC-MS (see next chapters for detailed information). 
Belgium 
Ethiopia 
Vietnam 
Bangladesh 
Philippines 
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Chapter 2 Volatile organic compounds in an 
urban environment: a comparison among Belgium, 
Vietnam, and Ethiopia 
Redrafted from: Do, H.D., Van Langenhove, H., Walgraeve, 
C., Hayleeyesus, S.F., De Wispelaere, P., Dewulf, J., 
Demeestere, K. (2013) Volatile organic compounds in an 
urban environment: a comparison among Belgium, 
Vietnam and Ethiopia. International Journal of 
Environmental Analytical Chemistry 93, 298-314. 
 
 
  
 
 40 
Summary: The effects of urban and indoor air pollution on human health are a 
major environmental concern for all, but not much has been researched in the 
developing world. Specifically, quantitative data on the occurrence of volatile 
organic compounds (VOCs) – main contributors to air pollution – in Asia and 
Africa are scarce compared to the availability of information in the developed 
world. This research presents one of the first studies focusing on the analysis 
and occurrence of VOCs in Vietnam and Ethiopia, which constitutes part of the 
novelty of this work. A spectrum of 34 VOCs was measured at eight different 
urban sites in Ghent (Belgium), Hanoi (Vietnam), Jimma and Addis Ababa 
(Ethiopia) during three sampling campaigns on selected days in the period 
from September 2008 to September 2010. Sampling was done in an active way 
using sorbent tubes filled with Tenax TA. The analysis was done by TD-GC-MS 
using internal standard calibration. Data were interpreted and compared in 
terms of (i) individual, subgroup and total VOCs concentration (TVOCs), (ii) 
indoor-to-outdoor concentration ratios (I/O), (iii) source estimation by 
diagnostic ratio and/or correlation coefficients, and (iv) ozone formation 
potential (OFP) at outdoor sites based on up-to-date maximum incremental 
reactivity (MIR). I/O values varied between 0.2 and 30, with big differences 
noticed on the type of VOC(s) considered and the kind of outdoor sampling 
location. TVOCs levels were measured in street samples with maximum values 
of 54 µg/m3 in Ghent, 507 µg/m3 in Hanoi and 318 µg/m3 in Addis Ababa 
illustrating the large difference in ambient air quality levels. This large 
difference is also reflected in the arithmetic mean OFP values (µg/m3) of 82, 1308 
and 596 in Ghent, Hanoi and Addis Ababa, respectively. Results of this study can 
be helpful to support the formulation of national policy on ambient air quality. 
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2.1 Introduction 
Air pollution and its impact on human health have become critical issues for the public 
and scientific community (Louka, 2006; Koplitz et al., 2017). Among the wide range of 
organic and inorganic air pollutants, VOCs deserve particular attention, because of their 
impact on both human health and the global environment. Apart from their effects on 
the epidemiology of e.g. respiratory disorders and cancer (Larson and Weber; 1994 and 
Forst et al., 1998; Su et al., 2014), they also significantly contribute to major environmental 
problems such as global warming, stratospheric ozone depletion, and ground-level ozone 
formation. Therfore, VOCs are environmental key-compounds not only in global 
atmospheric processes but also for urban air quality on a more local or regional scale. 
On human exposure and health effects, an increased level of attention has been paid in 
recent years to indoor air occurrence of VOCs. This is because people spend on average 
80 to 90% of their time indoors (Schweizer et al., 2007; Yu et al., 2009; Walgraeve, 2012). 
Some studies report the occurrences of relatively high concentration levels of toxic VOCs 
indoors in urban environments (Cocheo et al., 2000; Edwards et al., 2001; Caselli et al., 
2009; Chan et al., 2009; Laowagul and Yoshizumi, 2009). I/O values are frequently found 
to be higher than one (Baek et al., 1997; Schneider et al., 2001; Topp et al., 2004 and Jia et 
al., 2008) and can reach up to 100 (Caselli et al., 2009). Of all the VOCs, benzene, toluene, 
ethylbenzene, and xylenes (BTEX) are the most frequently monitored (Zalel et al., 2008 
and Derwent et al., 2000). This is most probably because (i) BTEX are ubiquitous and 
present in relatively high concentration accounting for 22–40% of the total ambient VOCs 
in modern urban environments (Derwent et al., 2000) and (ii) the IARC has classified 
benzene and ethylbenzene to Group 1 (carcinogenic to humans) and Group 2B (possibly 
carcinogenic to humans), respectively (Guo et al., 2004). 
Available data on indoor and outdoor VOCs concentrations, however, are not adequately 
distributed across all geographic regions. Far more data have been documented for the 
developed countries than for developing ones as seen in some review papers (e.g. Dawson 
and McAlary, 2009; Sarigiannis et al., 2011). In this regard, Vietnam and Ethiopia are 
suitable representatives for the two developing continents (i.e. Asia and Africa, 
respectively). To the best of our knowledge, only one paper on the occurrence of VOCs in 
Vietnamese outdoor air is available in the open literature (Truc and Oanh, 2007) while no 
indoor and ambient VOCs concentration data have been reported for Vietnam and 
Ethiopia, respectively. This lack of quantitative data makes it difficult to understand and 
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compare the air quality in the developing world versus that in the developed one for 
scientific studies and perhaps policy planning.  
Therefore, this Chapter investigates the occurrence of 34 VOCs (belonging to different 
chemical classes) in both outdoor and indoor environments in four selected cities, located 
in three countries/continents of both developed and less developed regions: (i) Ghent 
(Belgium, Europe), (ii) Hanoi (Vietnam, Asia), (iii) Jimma (Ethiopia, Africa) and (iv) Addis 
Ababa (Ethiopia, Africa).  
To our knowledge, this is the first research work providing ambient VOCs concentrations 
in the developed and the developing world, measured using the same analytical 
methodology and targeting the same group of VOCs.  
Obtained data are then interpreted and compared in terms of VOCs concentrations, 
indoor-to-outdoor ratios, and potential impact on tropospheric ozone formation, with 
the latter being estimated using the methodology of Carter (Carter, 2010). Since VOCs 
source estimation is a helpful tool to gain more knowledge on tropospheric ozone 
formation (Duan et al., 2008 and Zhang et al., 2008b) and eventual to plan some 
remediation policy, the research data are interpreted by using diagnostic ratios (e.g. 
toluene/benzene ratio) and correlation coefficients between aromatic hydrocarbons 
(Horemans et al., 2008; Iovino et al., 2008; Parra et al., 2008 and Buczynska et al., 2009). 
2.2 Experimental 
2.2.1  Sampling 
2.2.1.1 Sampling sites 
Airborne VOCs were measured in selected cities located on three continents between 2008 
and 2010 on selected days. In Ghent (Belgium) and Hanoi (Vietnam), three representative 
indoor/outdoor sites were sampled: (i) the indoor environment of a residential house, 
and the ambient air at (ii) a heavy traffic road, and (iii) a park.  
In both Ghent and Hanoi, the residential house is a one-person apartment with natural 
ventilation and on the second floor of an apartment building. The apartment is separated 
from bathroom and kitchen. The 30-years-old flat in Ghent (25 m2) has a wooden floor 
covered by polyvinylchloride (PVC) material, while the 10-years-old flat in Hanoi (35 m2) 
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has a concrete floor without covering material. The park is chosen as it represents a 
relevant (for human exposure) and an outdoor background location in the city compared 
with the other sampling locations along the heavy traffic streets.  
In each city, the distance between the apartment and the street sampling site is about 1–
2 km; and both are around 3–4 km away from the park sampling location. However, the 
apartment is just 5 and 200 m away from the most nearby street in Ghent and Hanoi, 
respectively. VOCs samplings in Jimma and Addis Ababa were performed at two heavy 
traffic roads (the distance between two cities in Ethiopia is around 300 km). A detailed 
overview of the sampling campaigns is given in Table 9. 
2.2.1.2 Sampling method 
The targeted VOCs were actively collected by pumping a calibrated volume of air with a 
portable pump (Gilair) through Markes stainless steel sorbent tubes [3.5 inches long, 0.25 
inch O.D. × 4 mm I.D, filled with 200 mg Tenax TA (35/60 mesh)]. Our sampling strategy is 
in accordance with recommendations from literature for indoor (Jia et al., 2008) and 
outdoor sampling (Truc and Oanh., 2007).  
Briefly, sampling was done at 1.5 m above the ground for outdoor air, and at least 0.6 m 
above the floor and below the ceiling, away from windows, doors, and bookshelves for 
indoor air. All selected streets are sufficiently broad to avoid street canyon effects, and 
sampling sites are at least 10 m away from the traffic to be outside the traffic mixing zone.  
The sampling time was 30 min in duration, and the flow rate was 100 mL/min each time. 
In this way, the SSV as reported elsewhere (Markes International, 2006) was not exceeded 
for the selected target compounds (see Appendix Table A2). 
2.2.2 Analytical methods 
2.2.2.1  Chemicals 
An entire set of 34 LC-MS grade VOCs standards of at least 99.8% purity were used (Table 
10). These were purchased at Acros Organics (Geel, Belgium) or Sigma-Aldrich (Bornem, 
Belgium).  
These compounds represent different chemical classes relevant for I/O environments: i.e. 
(cyclo-)alkanes, aromatic hydrocarbons, oxygen-containing VOCs, halogenated 
compounds, and terpenes. 
[2H8] Toluene (Tol-d8; 99.5+ at.% 2H; Acros Organics, Geel, Belgium) was utilized as internal 
standard (IS). Methanol (LC-MS grade, 99.95%, Biosolve, Valkenswaard, The Netherlands) 
served as the solvent for all standard compounds. 
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2.2.2.2 Preparation of sampling tubes 
(i) Conditioning 
Before use, all Tenax TA tubes were conditioned for one hour at 300°C under a He flow of 
22–34 mL min−1. 
(ii) Preparation of the IS 
A stock solution of Tol-d8 (0.24 g L−1) was prepared and stored at −18°C in the dark. 
According to Dewulf et al. (1996), 20 µL of the stock solution was first added to 20 mL of 
deionized water in an 119.8 mL glass bottle to make a closed two-phase system (CTS).  
Then, the CTS was gas-tightly sealed with a Mininert valve (Alltech, Lokeren, Belgium), 
wrapped in aluminum foil, and incubated in a thermostatic water bath at 25.0 ± 0.2°C for 
at least 12 hours.  
From the total mass and Henry's law coefficient of Tol-d8 at the given temperature 
(Dewulf et al., 1996) and the CTS gas and water volumes, the headspace concentration of 
Tol-d8 (22.6 ng/mL) can be calculated from the mass balance at equilibrium. 
(iii) Loading the sampling tubes with Tol-d8 
First, 0.5 mL of headspace was taken from the CTS by a 0.5 mL gas-tight Pressure-Lock VICI 
precision analytical syringe (Series A, Alltech).  
Next, the calibrated volume was loaded onto the sorbent tubes through a home-made 
heated injection system (50°C) flushed with He (100 mL min−1).  
Finally, the He stream was held on for 3 min before the tubes were sealed with ¼ inch brass 
long-term storage end caps, equipped with an ¼ inch one-piece PTFE ferrule.
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Table 9. Sampling sites, time, and the number of samples collected during the three sampling campaigns in Vietnam, Belgium, and Ethiopia. 
Continent, Country 
City 
Date Time Site (sample sizes)a Latitude; Longitude Blanksb 
Asia, Vietnam 
Hanoi 
9, 10 and 14c September 
2008 
 
Morning: 06:30-09:30 
Afternoon:15:30-18:30 
House (6) 
Street (6) 
Park (6) 
 
21.0387N; 105.7855E 
21.0303N; 105.8008E 
21.0405N; 105.8306E 
2 
Europe, Belgium 
Ghent 
8, 9 and 13c November 
2008 
 
Morning: 06:30-09:30 
Afternoon:15:30-18:30 
House (6) 
Street (6) 
Park (6) 
51.0332N; 3.7146E 
51.0382N; 3.7260E 
51.0456N; 3.6886E 
2 
Africa, Ethiopia 
Jimma  
Addis Ababa 
 
27 August 2010 
8 September 2010 
 
08:00-18:00 
08:00-18:00 
 
Street (6) 
Street (6) 
 
7.6785N; 36.8384E 
8.9957N; 38.7667E 
2 
a For each indoor/outdoor site, six samples were taken, i.e. on three separate days (two during weekdays and one at the weekend) and at two time-
spans during fixed periods (06:30 to 09:30; 15:30 to 18:30). Hence, a total of 18 samples were taken for the sampling campaigns in both Vietnam and 
Belgium. Because of practical reasons in Ethiopia (see Figure 6), six samples were taken for each city on one day: sampling started at 8:00, 10:00, 12:00, 
14:00, 16:00, 18:00. 
b  Two blanks are unsampled Tenax tubes that were conditioned and loaded with IS (i.e. Tol-d8) in the same way as the sampled tubes. The blanks were 
also carried with the sampled tubes during each sampling campaign but were kept closed until analysis. Blanks were analyzed in the same run as the 
sampled tubes. 
c  Weekend day  
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Table 10. An overview of the 34 target VOCs. 
 
(Cyclo)-alkanes Aromatic Oxygenated Halogenated 
Terpenes 
9 VOCs 7 VOCs 9 VOCs 7 VOCs 
2 VOCs 
Methylcyclopentane Benzene Hexanal Tetrachloromethane 
α- Pinene 
Cyclohexane Toluene Heptanal 1,2-Dichloroethane 
Limonene 
Hexane Ethylbenzene Benzaldehyde 1,1,2-trichlorotrifluoroethane  
Heptane p-Xylene 1-Butanol Trichloroethylene  
Octane Styrene 2-Ethyl-1-hexanol Tetrachloroethylene  
Nonane n-Propylbenzene 2-Butanone Chlorobenzene  
Decane 1,2,4-Trimethylbenzene 2-Hexanone 1,2,4-Trichlorobenzene  
Undecane  5-Nonanone   
Dodecane  Ethyl acetate   
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2.2.2.3  Instrumental analysis, calibration, and quantification 
(i) Instrumental analysis 
Both blank and sampled tubes were analyzed by thermal-desorption gas chromatography 
coupled to mass spectrometry (TD-GC-MS) (Demeestere et al., 2008). The desorption of 
the analytes preconcentrated on the Tenax TA sorbent tubes was performed by a Unity 
Thermal Desorption system (Markes, Llantrisant, UK). Each Tenax TA tube was closed by 
two inert difflock caps to exclude diffusive uptake from the environment.  
The desorption process was done at 50 °C for 1 min and then at 260 °C for 7 min. Next, 
analytes were refocused on a microtrap filled with 22 mg of Tenax TA and 34 mg of 
Carbograph 1TD sorbent (volumetric ratio 50/50), cooled at −10 °C. After that, the 
microtrap was rapidly heated at 280 °C during 3 min. The analytes were then carried by a 
He flow and injected onto a 30 m FactorFour VF-1 ms low bleed bounded phase capillary 
GC column (Varian, Sint–Katelijne–Waver, Belgium; 100% polydimethylsiloxane, internal 
diameter 0.25 mm, film thickness 1 μm), after splitting the He flow at a ratio of 1:5. The 
column head pressure was set at 45 kPa, resulting into a flow of 1.0 mL min−1 (at 35 °C) 
through the GC column. The vent flow rate, controlled by a mass flow controller built in 
the Unity Thermal Desorption device, was measured to be 5.211 ± 0.007 mL min−1 (N = 3) 
using a Gilian Gilibrator2 flow calibration system (Sensidyne, FL, USA). The GC (Trace 
2000, Thermo Finnigan, Milan, Italy) oven temperature was initially set at 35 °C. Next, the 
temperature in the GC was increased gradually up to 220 °C in four stages. In a first phase, 
the temperature was ramped from 35 °C to 60 °C at a heating rate of 2 °C min−1. Second, it 
was increased to 170 °C at 8 °C min−1. Third, a temperature of 220 °C was obtained by 
heating the GC oven at 15 °C min−1. Finally, this maximum temperature (220 °C) was held 
for 10 min before cooling down to 35 °C. 
Masses from m/z 29 to 300 were recorded in full scan mode (200 ms per scan) on a Trace 
DSQ Quadrupole MS (Thermo Finnigan, Austin, TX, USA), hyphenated to the GC, and 
operating at an electron impact energy of 70 eV. Chromatograms and mass spectra were 
processed using XCalibur software (Thermo Finnigan, version 1.4). Compound 
identification was based on (i) their fragmentation patterns and by comparison of their 
mass spectra with the US National Institute of Science and Technology (NIST, 
Gaithersburg, MD, USA) V2.0 database [NIST/US Environmental Protection Agency 
(EPA)/US National Institutes of Health (NIH) Mass Spectral Library], and (ii) comparison 
of retention time from the standards. 
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(ii) Calibration  
Before each analytical run, the TD-GC-MS instrument was calibrated using analytical 
standards for each VOC and Tol-d8 as an internal standard. The 34 reference compounds 
(31.3 to 220.2 ng/L; see Appendix Table A2) and Tol-d8 (47.2 ng/L) were dissolved in 
methanol, after which a known volume (1 μL) was loaded onto 2 Tenax TA sampling tubes, 
analysed as described before for blank and sampled tubes.  
(iii) Quantification 
Data were quantitatively processed from extracted ion chromatograms (XICs) obtained 
by using a set of characteristic ions for each selected target compound (see Appendix 
Table A2). Limits of detection (LOD) and limits of quantification (LOQ) were defined based 
on a signal-to-noise ratio (S/N) of 3 and 10, respectively, and calculated from XIC 
chromatograms obtained with real samples. Whenever a component could be quantified 
in the blanks, i.e. S/N higher than 10, a blank correction was performed. The overall 
scheme used for qualitative and quantitative data analysis is shown in Figure 7, while 
detailed information on quantification is given in “Basic calculations” at the end of the 
thesis (page 203). 
 
  
Figure 7.  Decision tree used for qualitative and quantitative analysis. RSRF represents 
the relative sample response factor, defined as the ratio of the analyte sample response 
factor and that of Tol-d8 (Demeestere et al., 2008).  
Sample signal  
(XIC) 
Signal/noise 
(S/N) 
S/N < 3 Not detected 
 3 < S/N < 10 
S/N > 10 
Detected 
Quantified 
IS peak area (Ast) 
 
 IS mass (mst) 
 
Flow rate 
Analyte peak area (Aa)  
 
LODmass = ma/(S/N)*3 
LOQmass = ma/(S/N)*10  
Sampling time 
Relative peak area  
 
Analyte mass (ma)  
 
Concentration (Ca)  
 
LODconc. = Ca/(S/N)*3 
LOQconc. = Ca/(S/N)*10  
RSRF 
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2.2.3  Statistical analysis 
The S-PLUS statistical software package (Insightful Corp., 2002 Professional Edition 
Version 6.1.2) was used to examine statistical differences in concentration levels between 
all locations. Given the number of samples taken at each sampling site and the non-
normal distribution of measured concentrations, the Kruskal-Wallis rank sum test was 
used. If there was a significant difference between at least two of the population medians 
(p < 0.05), the Bonferroni method was further utilized to perform the pairwise 
comparison. 
2.3 Results and discussion 
2.3.1 VOCs occurrence: qualitative and quantitative analysis 
Linear aliphatic hydrocarbons from hexane up to undecane, the aromatic hydrocarbons 
BTEX, styrene, n-propylbenzene, 1,2,4-trimethylbenzene and the oxygenated compounds 
benzaldehyde and ethyl acetate were detected in all samples. Dodecane was detected in 
all but the samples taken in Hanoi while methylcyclopentane and cyclohexane were 
present in all but the samples taken in Ghent. Also, 1,1,2-trichlorotrifluoroethane was 
detected only in Hanoi whereas trichloromethane occurred in Ethiopia samples only. For 
the other compounds, the frequency of occurrence could not clearly be linked to the 
sampling locations. 
Figure 8 shows the relative contribution (%) of each group of pollutants to the total VOC 
concentrations (TVOCs), defined as the sum of all measured VOCs concentrations (µg/m3), 
during each sampling campaign. For the outdoor samples in three countries, aromatic 
hydrocarbons are the most prominent group (Ghent: 50–67%, Hanoi: 48–72%; Jimma: 62%; 
Addis Ababa: 66%).  
Despite the difference in the TVOCs ranges measured at both street sites in Ethiopia (see 
further Figure 9), the contribution of each group to the TVOCs is quite similar. Compared 
to the street sites, the relative importance of oxygenated compounds increases in indoor 
air, both in Ghent and Hanoi.  
Figure 8 also reveals the minor contribution of cycloalkanes and halogenated compounds 
to the TVOCs at all sampling sites. 
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Figure 8. Stacked column (100%) contribution of each group to TVOCs measured during the 
three sampling campaigns in Belgium, Vietnam, and Ethiopia (H: House; St: Street; P: Park). 
 
Figure 9, representing side-by-side TVOCs boxplots, clearly indicates that the indoor and 
outdoor concentration levels of TVOCs in this study varied significantly, particularly in 
the street sites in Hanoi and Addis Ababa. When comparing the eight sites, the street in 
Hanoi showed the highest TVOCs levels with an arithmetic mean value of 374 µg/m3 while 
the lowest one (13 µg/m3) was measured in the Ghent park. The statistical tests showed 
that there were significant differences (p < 0.05) between the street in Hanoi and the seven 
other sites, as well as between the street in Addis Ababa and the two outdoor sites in 
Ghent. The fact that the mean TVOCs at the street sites in Hanoi and Addis Ababa are a 
factor of 13 and 6, respectively, higher than that at the street site in Ghent strongly 
illustrates the differences in ambient air quality in the sampled cities. More detailed 
information on individual VOC concentration levels is given in Appendix Table A3. 
Results from a previous study (Watson et al., 2001) suggest that vehicle VOCs emission is 
dependent on speed, the condition of vehicles and the type of fuel used. In the developing 
world like Vietnam and Ethiopia, the exhaust control devices (e.g. catalysts) are not 
commonly used. Also, the average lifetime of vehicles differs from one country to 
another. Both these factors may at least partially explain the high TVOCs at the street 
sites in Hanoi (245–507 µg/m3) and Addis Ababa (55–318 µg/m3) compared to low values 
in Ghent (11–54 µg/m3). This hypothesis is further supported by VOCs source estimation 
(see Section 2.3.3). Other factors such as meteorological conditions (season, wind speed, 
etc.), road conditions, and possible other non-traffic sources of VOCs, could also be 
affecting factors. 
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 Figure 9. Box plot of TVOCs (μg/m3) measured during the three sampling campaigns in 
Belgium, Vietnam and Ethiopia (Median; Box: 25%-75%; Whisker: Non-outlier range; Star sign: 
Extreme; H: House; St: Street; P: Park). 
The high TVOCs values measured at the street site in Hanoi were probably also a result of 
traffic congestions. At least three facts should be considered. First, the vehicular number 
has sharply increased from less than 1 million two-stroke motorcycles in Hanoi in 2001 
to 1.5 million and 1.8 million in 2005 and 2007, respectively (MONRE, 2007). Second, the 
total road area in Hanoi is around 6-9% of the total land area which is much smaller 
compared to those in the developed world (20–25%) (Dao and Thang, 2000), giving rise to 
a highly condensed traffic situation. And lastly, the traffic jam was clearly reflected in the 
measured concentrations since the half-hourly VOCs samples were collected at morning 
and evening peak hours (see Table 9). 
Although TVOCs are a valuable parameter contributing to and illustrating the overall air 
quality (Salthammer, 2011), particular compounds like benzene are more widely used as 
an indicator for human health effects (Stranger et al., 2007). This fact has resulted in 
guideline setting values of benzene concentrations in indoor and ambient air 
environment. According to WHO guidelines, the concentrations of airborne benzene that 
are associated with an excess lifetime risk of 1/10000, 1/100000 and 1/1000000 amount 
(μ
g/
m
3
) 
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17, 1.7 and 0.17 µg/m3, respectively (WHO, 2000). However, the guideline values differ 
from one region to another. This is exemplified by the large difference between the 
Chinese and Flemish indoor air quality guidelines (90 µg/m3 and 2 µg/m³, respectively). 
Whereas all measured indoor benzene concentrations in Hanoi (2.1-20.9 µg/m3) and 
Ghent (0.6-10.5 µg/m³) met the Chinese indoor guideline value, the Flemish guideline was 
exceeded in all samples in Hanoi and half of those in Ghent. In Europe, the ambient 
benzene concentration is restricted by the EU 2000/69/EC directive to 5 µg/m3 as an 
annual average. This European value has been breached in the sampled street sites in 
Hanoi (19.9-49.4 µg/m3), Addis Ababa (5.4-38.0 µg/m3) and Jimma (6.4-15.2 µg/m3), but not 
in Ghent (street: 0.9-3.6; park: 0.4-1.9 µg/m3) and the park in Hanoi (2.5-3.6 µg/m3).  
It should be noted, however, that our results are based on observations at the selected 
locations in these three countries during the given period with the limited number of 
measurements. Hence, the data on which our analyses are based are both spatially and 
temporally restricted whereas guidelines are often set for average concentrations within 
a longer timeframe (e.g. one year in the case of the ambient EU limit of benzene). 
2.3.2 Indoor-to-outdoor concentration ratios (I/O) 
For the four most prominent groups (alkanes, aromatic hydrocarbons, oxygenated 
compounds and terpenes), mean concentrations (g/m3) and I/O values as measured at 
six sampling sites in Hanoi and Ghent are presented in Table 11, together with significant 
differences between the indoor and outdoor concentrations (p < 0.05).  
With respect to alkanes and aromatic hydrocarbons in Hanoi, there are significant 
differences between concentrations indoors and in the street. However, no statistically 
significant differences are found in Ghent. From Figure 9 and Table 11, it is clear that the 
higher concentrations in the street of Hanoi (compared to Ghent’s) are more responsible 
for these differences in I/O values in both cities than the differences in the indoor 
environment. The typical traffic situation in Hanoi, as discussed in Section 2.3.1, might be 
the main reason.  
Statistically, significant differences are also found in all cases for terpenes with higher 
indoor concentrations. One explanation may be due to limonene (see Appendix Table A3), 
one target compound of terpenes and widely used in air freshening sprays, vinyl-floor, 
alcohol hand-wash gel, and cleaning products (Jia et al., 2008 and Gokhale et al., 2008). 
Personal activities, cleaning activities, types and amount of pollutant-releasing materials, 
etc. can lead to the variability of this compound indoors (Ongwandee et al., 2011).  
The results also indicate that there were possible indoor sources of oxygenated 
compounds at the residential sites in Ghent and Hanoi, although differences between 
indoor and outdoor concentrations were statistically significant only in Ghent. 
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Table 11. Arithmetic mean concentration of TVOCs, groups, toluene, and benzene ( g/m3) 
and I/O between research sites in Ghent and Hanoi (H; House; St: Street; P: Park; a outdoor: 
St; b outdoor: P, c indicates that indoor and outdoor are different at a significant level of 0.05). 
 
Place 
Ghent Hanoi 
I/Oa I/Ob I/Oa I/Ob 
Ghent Hanoi 
Group and compound H St P H St P H/St H/P H/St H/P 
TVOCs 60.0 28.0 13.0 102.0 374.0 44.0 2.1 4.6 0.3c 2.3 
Alkanes  2.1 3.0 1.4 13.7 64.7 5.4 0.7 1.5 0.2c 2.5 
Aromatic hydrocarbons 14.7 18.6 6.4 43.7 268.0 21.0 0.8 2.3 0.2c 2.1 
Oxygenated compounds 26.1 5.7 3.3 30.5 17.2 14.4 4.6c 7.9c 1.8 2.1 
Terpenes 11.2 0.4 1.1 6.8 0.4 0.2 30.3c 10.5c 15.5c 28.4c 
Benzene 3.7 2.0 0.8 7.8 32.2 3.0 1.9 4.5 0.2 2.6 
Toluene 6.1 10.7 3.6 19.9 119 10.4 0.6 1.7 0.2 1.9 
Alkanes: pentane, hexane, heptane, octane, nonane, decane, undecane, dodecane. 
Aromatic hydrocarbons: benzene, toluene, ethylbenzene, m,p-xylenes, styrene, n-propylbenzene, 1,2,4-
trimethylbenzene. 
Oxygenated compounds: hexanal, heptanal, benzaldehyde, 2-ethyl-1-hexanol, 2-butanone, ethyl acetate  
Terpenes: α-pinene, limonene. 
 
The I/O for TVOCs was higher than one when the outdoor concentrations in the parks in 
both cities were taken as the reference. Considering the street sites as outdoor reference, 
a different picture emerges in both cities: I/O value for TVOCs is lower than one in Hanoi 
but larger than one in Ghent. For alkanes and aromatic hydrocarbons, the I/O values 
higher than one are observed in both cities if the park is the outdoor location; but an 
opposite result is obtained if indoor and street are compared. Terpenes show a quite 
uniform picture with high I/O values between 10 and 31 regardless of the outdoor 
environment. This result is in agreement with (Jia et al., 2008). Within the group of 
aromatic hydrocarbons, the results of benzene and toluene were further analyzed. The 
I/O for toluene is similar to the I/O pattern for the aromatic group in both cities which is, 
however, not the case for benzene in the street in Ghent.  
Although our dataset is limited, it clearly indicates that the I/O values depend on the 
specific situation, so that it becomes rather a limitation to derive general statements on 
the comparison between indoor and outdoor air quality. Important aspects appear to be 
the sampling region (e.g. Hanoi versus Ghent), the specific indoor and outdoor location 
(e.g. street versus park), and the type of pollutants considered (e.g. BTEX versus 
terpenes). This finding suggests that I/O in relation to VOCs occurrence may not be as 
uniform as it has often been proposed (Baek et al., 1997; Schneider et al., 2001; Topp et al., 
2004 and Jia et al., 2008). So, caution should be exercised in studies making a comparison 
and/or interpretation of I/O in urban environments. More research in this field is 
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required to broaden knowledge on I/O values especially in urban environments in the 
developing world. 
2.3.3 VOCs source estimation 
As discussed in Section 2.3.1, the aromatic hydrocarbons represent the most prominent 
group of VOCs at the six outdoor sites. Therefore, attempts are made to source origination 
of outdoor aromatic hydrocarbons in this section, starting with toluene (the most 
dominant VOC in all samples at all outdoor sites with its contribution to TVOCs: 31, 35, 
and 22% in Vietnam, Belgium, and Ethiopia, respectively) and benzene (carcinogenic to 
humans as classified by IARC). 
2.3.3.1 Scatter plots of benzene versus toluene 
The concentration of two VOCs with similar photochemical lifetimes can be used to trace 
back their source origination (Zhang et al., 2008b). The toluene-to-benzene ratio (T/B) is 
frequently used as an indicator in urban environment studies (Hellen et al., 2003; Na et 
al., 2003; Gros et al., 2007; Barletta et al., 2008 and Liu et al., 2009). When the 12 samples 
from the two outdoor sites in Hanoi are put in one plot of toluene versus benzene (Figure 
10.a), a strong positive association is obtained (R2 = 0.99). This result indicates that both 
aromatic hydrocarbons measured at the two outdoor sites in Hanoi possibly originated 
from the same source. In addition, a T/B value of 3.6 as observed in Hanoi is within the 
range presented in Table 12 for vehicle exhaust in outdoor urban areas. Therefore, the 
main source of toluene and benzene in Hanoi during the sampling period was most 
probably from vehicular emission.  
The same method was also applied to the outdoor data in Ghent (Belgium) and Jimma and 
Addis Ababa (Ethiopia). As seen in Figure 10 (b, c), the positive linear associations and T/B 
values (R2: 0.95 and 0.88; T/B: 6.9 and 2.3 for outdoor sites in Belgium and Ethiopia, 
respectively) lead to the same conclusion that vehicle exhaust is the largest source of 
outdoor toluene and benzene in Ghent, Jimma, and Addis Ababa. The difference among 
cities’ vehicle types, vehicle speed, fuel composition, and other sources like industrial 
activities may explain the difference in the T/B ratios.  
Furthermore, the scatter plots presented in Figure 10 (a-c) give a clear picture of the 
differences in air quality in the four cities with respect to the highly relevant VOCs. This 
difference is exemplified by benzene concentrations between 19 and 50 g/m3 and 
between 5 and 38 g/m3 (measured at the street sites in Hanoi and Addis Ababa, 
respectively) which is a factor of 5 to 50 higher than those measured at the street site in 
Ghent. 
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Figure 10. (A) Scatter plots of benzene against toluene  concentrations at two outdoor sites in 
Vietnam, 2008 (+: Park;  : Street). (B) Scatter plots of benzene against toluene at two outdoor 
sites in Belgium, 2008 (+: Park; : Street). (C) Scatter plots of benzene against toluene at two 
outdoor sites in Ethiopia, 2010 (+: Street in Jimma; : Street in Addis Ababa). 
 
Through a more in-depth statistical analysis of the data presented in Figure 10, it has been 
investigated if – at a significance level of 5% –the intercept is different from zero. If the 
95% confidence intervals around the intercept enclose the zero value, statistics allow to 
use a regression function y = a’x (with a’ representing the T/B ratio) instead of y = ax + b. 
This showed to be the case for the data of both Hanoi and Addis Ababa / Jimma. The 
calculated a’-values 3.64 (Hanoi) and 2.01 (Addis Ababa / Jimma), being very similar to the 
a-values depicted in Figure 10 (3.59 for Hanoi and 2.27 for Addis Ababa / Jimma). In the 
case of Ghent, however, the intercept showed to be significantly different from zero at 
the 5% significance level (although it is not at a 1% significance level). Moreover, a 
regression function y = a’x (a’ = 5.63; R² = 0.91) systematically overestimates the toluene 
concentrations in Ghent at benzene levels lower than 1 µg/m³. In this regard, it should be 
noted that the range of benzene concentrations measured in Ghent (0.4 – 3.6 µg/m³) is 
clearly below that in Hanoi (2.5 – 49 µg/m³) and Addis Ababa / Jimma (5.3 – 38 µg/m³), 
which could contribute to the differences observed in the statistical significance of the 
A B 
C 
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intercept. Therefore, and since there is no a priori chemical/environmental reason that 
toluene concentrations should be below the quantification limit if benzene 
concentrations are, it was decided to use the regression function y = ax + b in Figure 10. 
The 95% confidence intervals around the a-values are as follows: [3.18 – 4.01] for Hanoi; 
[5.80 – 7.97] for Ghent; and [1.69 – 2.85] for Addis Ababa / Jimma. 
 
Table 12. A comparison of toluene-to-benzene ratios (T/B) between other studies (major 
sources of these two aromatic VOCs were all from vehicle exhaust) and this study. 
City Date T/B Reference 
Hanoi September 2008 3.6 This study 
Ghent November 2008 6.9 This study 
Jimma and Addis Ababa August-September 2008 2.3 This study 
Beijing July-October 2008 1.8 (Liu et al., 2009) 
Guangzhou September 2005 3.3 (Barletta et al., 2008) 
Seoul September 1998 9.1 (Na et al., 2003) 
Paris May 2005 7.7 (Gros et al., 2007) 
Helsinki August 2001 3.3 (Hellen et al., 2003) 
Antwerp 2003-2005 3.8-4.3 (Buczynska et al., 2009) 
 
2.3.3.2 Correlation coefficients of aromatic hydrocarbons 
Table 13 summarizes the linear correlation coefficients between the concentration of the 
six aromatic hydrocarbons measured at outdoor sites in Vietnam, Belgium, and Ethiopia. 
The good correlation among most of the measured aromatic hydrocarbons strengthens 
the conclusion based on the T/B ratio that the main source of aromatic hydrocarbons in 
outdoor air is from the traffic sector, which has already been identified elsewhere 
(Buczynska et al., 2009). 
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Table 13. Correlation coefficients between the concentration of aromatic hydrocarbons at 
outdoor sites in Vietnam, Belgium, and Ethiopia (a: Jimma; b: Addis Ababa). 
Aromatic hydrocarbons  B T E X S TMB 
Vietnam (P and St )       
Benzene (B) 1.00;1.00      
Toluene (T) 0.87; 0.98 1.00; 1.00     
Ethylbenzene (E) 0.31; 0.96 0.72; 0.96 1.00; 1.00    
m,p-Xylenes (X) 0.63; 0.95 0.83;0.95 0.75; 0.99 1.00; 1.00   
Styrene (S) 0.75; 0.96 0.97; 0.90 0.83; 0.95 0.90;0.94 1.00; 1.00  
1,2,4-Trimethylbenzene (TMB) 0.62; 0.97 0.88; 0.95 0.83; 0.99 0.90;1.00 0.94; 0.96 1.00; 1.00 
Belgium (P and St)       
Benzene (B) 1.00; 1.00      
Toluene (T) 0.98; 0.97 1.00; 1.00     
Ethylbenzene (E) 0.98; 0.99 0.96; 0.98 1.00; 1.00    
m,p-Xylenes (X) 0.98; 0.99 0.96; 0.98 1.00; 1.00 1.00; 1.00   
Styrene (S) 0.95; 0.70  0.93; 0.71 0.98; 0.67 0.99; 0.71 1.00; 1.00  
1,2,4-trimethylbenzene (TMB) 0.99; 0.97 0.99; 0.95 0.98; 0.98 0.99; 0.97 0.97; 0.55 1.00; 1.00 
Ethiopia ( St a and St b)       
Benzene (B) 1.00;1.00      
Toluene (T) 0.94; 0.95 1.00;1.00     
Ethylbenzene (E) 0.93; 0.96  1.00; 0.97 1.00;1.00    
m,p-Xylenes (X) 0.94; 0.96 0.99; 0.96 1.00; 1.00 1.00;1.00   
Styrene (S) 0.93; 0.79 0.86; 0.69 0.87; 0.76 0.89; 0.77 1.00;1.00  
1,2,4-Trimethylbenzene (TMB) 0.89; 0.97 0.99; 0.95 0.99; 1.00 0.98; 1.00 0.82; 0.79 1.00;1.00 
2.3.4 Ozone formation potential (OFP) 
From the measured concentration levels, a detailed comparison of OFP (μg/m3) for 28 
VOCs in the three street sites in Hanoi, Ghent, and Addis Ababa is given in Table 14. 
Calculations are based on MIR values (MIR-10 and MIR-03: denoted for the work of Carter 
2010 and 2003, respectively) which have been used for air regulatory applications in 
California, USA (Carter, 2010). At least three points deserve special attention. First, the 
total OFP from the 28 VOCs in Hanoi was more than twice and 15 times higher than those 
estimated in Addis Ababa and Ghent, respectively. Second, we notice a trend that MIR-10 
values are frequently lower than MIR-03 (19 out of the 28 VOCs show MIR decrease). 
However, the OFP based on the MIR-10 values increases up to around 10% in the three 
cities compared with OFP calculated based on MIR-03. This is because OFP depends not 
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only on the MIR values but the VOCs concentration levels also. In this situation, the 
elevated levels of m,p-xylenes and 1,2,4-trimethylbenzene with their high MIR values 
(MIR-10 > MIR-03) play a key role. Third, the aromatic hydrocarbon contribution (ArHC) 
to calculated OFP amount up to 95, 90, and 89% in Ghent, Hanoi and Addis Ababa, 
respectively. 
A most interesting feature represented in Table 14 is that although the OFP varies 
significantly from place to place and from time to time, the calculated ArHC values are all 
high and stable at the three street sites in Hanoi, Ghent, and Addis Ababa.  
The same feature was derived when calculations were done for the other three outdoor 
locations. The calculations show that OFP (μg/m3) amounts to 31  43; 118  44; 252  113 
while ArHC (%) are 91  15; 73  12; 88  1 for Ghent park, Hanoi park, and Jimma street, 
respectively.  
Since the target VOCs change among different urban air studies and different MIR scales 
exist (Carter 1994; Carter 2010), the results mentioned above suggest that the OFP by 
aromatic hydrocarbons calculated by up-to-date MIR can be a good indicator for 
comparison between studies in relation with ground ozone formation. 
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Table 14. Comparison of ozone formation potential (OFP) among three street sites in Hanoi, Ghent and Addis Ababa [a maximum incremental 
reactivity ( g O3 / g VOC) (Carter, 2010); 
b OFP (g/m3) = concentration of VOC * MIR; c For these isomers, their OFP is calculated by assuming 
that m,p-xylenes are p-xylene; D: Detected; ND: Not detected]. 
 Mean concentration (g/m3) MIRa Ozone formation potential b (g/m3) 
      Hanoi Ghent Addis Ababa 
Compound Hanoi Ghent Addis Ababa MIR-10 MIR-03 MIR-10 MIR-03 MIR-10 MIR-03 MIR-10 MIR-03 
Hexane 29.57 0.74 7.08 1.24 1.45 36.66 42.87 0.91 1.07 8.79 10.27 
Heptane 21.51 0.78 6.70 1.07 1.28 23.02 27.54 0.83 1.00 7.17 8.57 
Octane 6.53 0.41 4.42 0.9 1.11 5.88 7.25 0.37 0.46 3.98 4.90 
Nonane 2.63 0.33 5.80 0.87 0.95 2.29 2.50 0.29 0.32 5.05 5.51 
Decane 2.72 0.36 5.43 0.68 0.83 1.85 2.26 0.24 0.30 3.69 4.51 
Undecane 1.74 0.22 5.20 0.61 0.74 1.06 1.28 0.13 0.16 3.17 3.85 
Dodecane ND 0.17 4.60 0.55 0.66 <0.01 <0.01 0.09 0.11 2.53 3.04 
Methylcyclopentane 17.09 ND 4.49 2.19 2.42 37.42 41.35 <0.01 <0.01 9.84 10.87 
Cyclohexane 4.30 ND 0.38 1.25 1.46 5.37 6.27 <0.01 <0.01 0.48 0.56 
Benzene 32.18 1.96 18.27 0.72 0.81 23.17 26.07 1.41 1.59 13.15 14.80 
Toluene 119.32 10.67 40.74 4.00 3.97 477.28 473.70 42.68 42.36 162.98 161.76 
Ethylbenzene 19.54 0.95 7.62 3.04 2.79 59.39 54.51 2.89 2.66 23.15 21.25 
m,p-Xylenesc 63.18 2.99 28.48 5.84 4.25 368.99 268.53 17.44 12.69 166.32 121.04 
Styrene 3.19 0.29 1.66 1.73 1.95 5.52 6.22 0.49 0.56 2.87 3.23 
Propylbenzene 4.13 0.25 2.50 2.03 2.20 8.38 9.09 0.50 0.54 5.08 5.51 
1,2,4-Trimethylbenzene 26.68 1.47 17.62 8.87 7.18 236.65 191.56 12.99 10.52 156.32 126.54 
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 Mean concentration (g/m3) MIRa Ozone formation potential b (g/m3) 
      Hanoi Ghent Addis Ababa 
Compound Hanoi Ghent Addis Ababa MIR-10 MIR-03 MIR-10 MIR-03 MIR-10 MIR-03 MIR-10 MIR-03 
Hexanal 0.56 D 1.34 4.35 4.98 2.43 2.78 <0.01 <0.01 5.83 6.67 
Heptanal  0.55 0.05 0.47 3.69 4.23 2.04 2.33 0.17 0.20 1.74 1.99 
Benzaldehyde  7.10 4.20 4.74 -0.67 -0.61 -4.75 -4.33 -2.81 -2.56 -3.17 -2.89 
2-Ethyl-1-hexanol  3.21 D ND 2.00 2.20 6.42 7.06 <0.01 <0.01 <0.01 <0.01 
2-Butanone  3.19 0.57 <0.01 1.48 1.49 4.72 4.76 0.84 0.84 <0.01 <0.01 
Ethyl acetate  2.59 0.91 0.59 0.63 0.64 1.63 1.66 0.57 0.58 0.37 0.38 
Tetrachloromethane 0.26 D ND <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
1,2-Dichloroethane ND ND 0.06 0.21 0.10 <0.01 <0.01 <0.01 <0.01 0.01 0.01 
Trichloroethylene  1.58 ND ND 0.64 0.60 1.01 0.95 <0.01 <0.01 <0.01 <0.01 
Tetrachloroethylene 0.03 0.06 1.40 0.03 0.04 <0.01 <0.01 <0.01 <0.01 0.04 0.06 
α-Pinene D 0.24 0.42 4.51 4.29 <0.01 <0.01 1.08 1.03 1.89 1.80 
Limonene 0.44 0.13 3.26 4.55 3.99 1.99 1.75 0.59 0.52 14.83 13.00 
Total      1308 1178 82 75 596 527 
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Table 15. Comparison of OFP and aromatic hydrocarbon contribution (ArHC) based on 28 
VOCs and MIR-10 from 18 street samples in Hanoi, Ghent, and Addis Ababa.  
Place Cau Giay Street, Hanoi, Vietnam (September 2008)  Mean (S.D) 
Date 9 9 10 10 14 14   
Time start 8h00 16h15 7h20 17h00 8h45 16h15  
OFP 1611 946 1834 1481 1103 875 1308 (390) 
ArHC (%) 90 91 92 89 88 91 90 (2) 
Place Heuvelpoort Street, Ghent, Belgium (November 2008)   
Date 8 8 9 9 13 13   
Time start 9h00 17h20 8h45 17h15 7h55 18h00   
OFP  83 56 46 27 106 172 82 (52) 
ArHC (%) 100 100 100 101 90 95 98 (5) 
Place Meskel Street, Addis Ababa, Ethiopia (September 2010)   
Date                       8 8 8 8 8 8   
Time start 9h00 17h20 8h45 17h15 7h55 18h00   
OFP  220 156 304 705 1052 1139 596 (433) 
ArHC (%) 93 92 94 78 90 92 90 (6) 
Aromatics: benzene, toluene, ethylbenzene, m,p-xylenes, styrene, n-propylbenzene, 1,2,4-
trimethylbenzene; 28 VOCs: mentioned in Table 14; S.D: Standard deviation. 
 
Therefore, a direct comparison was made between the OFP at the six outdoor sites in this 
study and that in Beijing during the ozone episode in 2006 (Duan et al., 2008). The 
comparison is shown in Figure 11 and is based on the availability of concentration levels 
for the same set of measured aromatic hydrocarbons (benzene; toluene; ethylbenzene; 
m,p-xylenes; n-propylbenzene; 1,2,4-trimethylbenzene).  
The OFP during the Beijing ozone episode was to a similar degree to that calculated for 
Jimma, but more than seven and three times lower than those at the street sites in Hanoi 
and Addis Ababa, respectively. On the other side, the lowest OFP value was found in the 
park in Ghent, followed by the OFP at the street site in Ghent and in the park in Hanoi.  
This OFP comparison provides other differences in urban air quality in different cities on 
ground ozone level. 
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Figure 11. Comparison of OFP (µg/m³) between this study and ozone episode in Beijing (Duan 
et al., 2008) based on the measured concentrations for the same set of aromatic VOCs and 
MIR-10 values.  
2.4 Conclusions 
Between September 2008 and September 2010 on the selected days, VOCs were measured 
at selected indoor and outdoor places in the four cities (Ghent, Hanoi, Jimma, Addis 
Ababa) of three countries in both developed and developing regions. Although the data 
set is rather limited, the following conclusions can be drawn from the work.  
First, this work has brought forward new data on the concentrations of 34 VOCs at eight 
urban sites in Vietnam, Ethiopia and Belgium. Our research is probably the first in the 
scientific community providing ambient VOC levels in both developed and developing 
countries, measured using the same analytical methodology and targeting the same 
group of VOCs. Especially for Vietnam, and Ethiopia, this research work reports possibly 
for the first time concentration levels of multi-class VOCs in the urban air environment.  
Second, some interesting preliminary results are obtained on differences in TVOCs and 
particular subgroup or compounds concentrations at the selected sampling sites in this 
study. Given the importance of specific aspects of the sampling region, specific sampling 
location, and type of pollutants considered, it has been shown difficult to generalize 
differences in air quality between indoor and outdoor environment. Particularly for the 
aromatic hydrocarbons measured at the six outdoor sites in the three countries, it might 
(µ
g/
m
³)
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be plausible, however, to consider vehicle exhaust emission as the primary common 
source. This can be concluded from the diagnostic ratio (T/B) and correlation coefficients 
among the concentration levels of the six aromatic hydrocarbons. 
Third, our results suggest that OFP by aromatic hydrocarbons calculated by up-to-date 
MIR can be a good indicator for comparison between studies in relation with ground 
ozone formation. Mean OFP values of 80, 1177 and 536 µg/m³ are predicted from both MIR 
and concentration data of the six aromatic hydrocarbons measured along a heavy traffic 
street in Ghent, Hanoi and Addis Ababa, respectively. 
Given the unique kind of data for the developing world, this study is expected to be 
helpful to the Environmental Protection Agencies in those countries in assessing and 
minimizing the adverse impact of toxic VOCs in the urban air environment. 
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Chapter 3 Airborne volatile organic compounds 
in urban and industrial locations in four 
developing countries 
Redrafted from: Do, H.D., Walgraeve, C., Amare, A.N., 
Barai, K.R., Parao, A.E., Demeestere, K., Van Langenhove, 
H. (2015) Airborne volatile organic compounds in urban 
and industrial locations in four developing countries. 
Atmospheric Environment 119, 330-338. 
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Summary: VOCs represent an important class of air pollutants. However, their 
concentration levels in developing countries have scarcely been reported in the 
literature. Therefore, concentration levels of 60 VOCs were determined at 27 
urban and industrial locations in seven different cities in Ethiopia, Vietnam, the 
Philippines, and Bangladesh on selected days during summer period 2011 and 
2014. Active sampling using Tenax TA as a sorbent was employed followed by 
TD-GC-MS analysis using IS calibration. It was found that TVOCs concentration 
levels in Dhaka, Bangladesh (arithmetic mean: 343 and 399 μg/m3 for urban and 
industrial campaign, respectively) were more than ten times higher when 
compared to TVOCs levels observed in Mekelle, Ethiopia. ∑BTEX 
concentrations at street sites range from 36 μg/m3 in Mekelle, to 100 and 250 
μg/m3 in Hanoi, Vietnam, and Dhaka, Bangladesh, respectively. The I/O values 
were found to be dependent on the country, type of environment considered, 
studied VOC, and the outdoor reference location. The highest OFP (2150 μg/m3) 
calculated from the same set of seven aromatic VOCs, was obtained at the street 
site in Dhaka. This OFP value is a factor three and four times higher than the OFP 
value observed at the street sites in Hanoi, and Manila, respectively. Finally, the 
Cumulative Cancer Risk (CCR) calculated for four carcinogenic VOCs ranged 
from 97 × 10−6 in urban Mekelle to 299 × 10−6 in urban Dhaka. This work provides 
for the first time comparisons of CCR in urban and industrial environments in 
the four selected developing countries. 
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3.1 Introduction 
Although clean air is regarded as a basic need, air pollution continues to pose a significant 
threat to human health and well-being. As well illustrated through the assessment by the 
WHO in Chapter 1, the current mortality attributed to the urban indoor and outdoor air 
pollution has been globally calculated as around seven million deaths per year. It should 
be further stressed that more than half of this burden possibly falls onto people in 
developing countries (WHO, 2005). In this context, VOCs are priority air pollutants 
because of their adverse impacts on human health, global, and local environments 
(Lerner et al., 2014 and Su et al., 2014). 
Airborne VOCs significantly contribute to major environmental problems such as global 
warming, stratospheric ozone depletion, and photochemical smog. One of the main 
constituents of photochemical smog is ozone (O3) which has adverse effects on human 
health at high concentrations (O3 guideline is set at 100 μg/m3 for 8-h mean (WHO, 2005)). 
In the presence of sunlight and under favorable meteorological conditions, O3 is formed 
by a series of complex atmospheric reactions between nitrogen oxides (NOX) and VOCs 
(Grant et al., 2008 and Mao et al., 2010). Quantification of VOCs in the ambient air is crucial 
not only in air quality assessment but also in understanding the contribution of VOCs 
towards ground-level ozone formation (Fanizza et al., 2014). From the previous chapters, 
it has been learned that MIR values, as developed by Carter, can be used to calculate OFP 
provided that VOC concentration levels are known. 
With regard to health effects, exposure to VOCs can induce a range of adverse human 
health problems ranging from asthma and nervous system impairment to specific 
cancers. For example, the IARC has classified benzene and ethylbenzene to Group 1 
(carcinogenic to humans) and Group 2B (possibly carcinogenic to humans), respectively. 
The WHO states that no safe level of exposure can be recommended for benzene (WHO, 
2000). Therefore, many studies have focused on these toxic VOCs (e.g. Tong et al., 2013; 
Derudi et al., 2014; Kumar et al., 2014; Lerner et al., 2014). 
The excess cancer risk for a receptor exposed via inhalation can be estimated by 
calculating the product of the Inhalation Unit Risk (IUR; (μg/m3)−1) and the Exposure 
Concentration (EC; μg/m3) (US-EPA, 2009b). More than one IUR value can be found in the 
literature because the different agencies, e.g. US EPA and Cal/EPA (i.e. California EPA), 
interpret the underlying health studies differently or use a more precautionary approach 
(CAREX, 2011). For VOCs mixtures, the cumulative cancer risks (CCR) can be calculated as 
the sum of the individual cancer risk documented elsewhere (Su et al., 2014) as follows. 
 𝐶𝐶𝑅 = ∑ 𝐼𝑈𝑅𝑖 × 𝐸𝐶𝑖  (Eq.4) 
One of the most prominent risk-related issues faced by decision makers is the need to 
evaluate the cumulative risk to human populations by multiple stressors (Callahan and 
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Sexton, 2007; Ragas et al., 2011). However, humans are rarely exposed to a single stressor, 
but to a multitude of different stressors in everyday life. Although researchers and policy 
makers have always recognized the need to address the cumulative risk to human 
populations, progress has been slow because of lack of knowledge, experimental 
limitation, and scarcity in research funding (Carpenter et al., 2002; Monosson, 2005). 
Moreover, work in this area has been much slower in developing countries (e.g. Vietnam, 
Ethiopia) mainly due to lack of VOCs concentration data (Do et al., 2013). 
Therefore, the overall aim of this Chapter is to build up an air quality data set of airborne 
VOCs concentrations in urban and industrial areas located in four developing countries 
(i.e. Ethiopia, Vietnam, Philippines, and Bangladesh) from where data are hardly reported 
in the literature. This data set enables us to make a comparison of the pollution levels and 
exposure among those four studied countries. In particular, this research has four main 
goals. First, this work is aimed at documenting concentrations of 60 VOCs in both outdoor 
and indoor environments in the four countries. Second, since humans spend most of their 
time indoors, and air quality concerning VOCs is frequently worse indoor compared to 
outdoor (Walgraeve et al., 2011), the obtained data are interpreted regarding I/O values. 
Next, the data are compared with respect to their impact on tropospheric ozone 
formation using the most recent MIR methodology as pioneered by Carter. Finally, the 
data are interpreted by calculating the CCR on the purpose of cancer risk assessment. 
3.2 Experimental 
3.2.1 Chemicals 
The target compounds consist of 60 VOCs as shown in Table 16. They belong to five 
different groups of organic compounds which are relevant to urban and industrial indoor 
and outdoor environments including (i) (cyclo)-alkanes, (ii) aromatic compounds, (iii) 
oxygenated compounds, (iv) halogenated compounds, and (v) terpenes. All target 
compounds (with purity requirement of at least 99.8%) were bought at Sigma-Aldrich 
(Bornem, Belgium) or Acros Organics (Geel, Belgium). The individual compounds were 
volumetrically taken by a micropipette and dissolved and further diluted in methanol 
(LC–MS grade, 99.95%, Biosolve, Valkenswaard, The Netherlands) to obtain a final 
concentration of +/-50 µg/ml for each target compound. These solutions were used to 
calibrate the mass spectrometer. [2H8] Toluene (Tol-d8; 99.5+ atom%D; Acros Organics, 
Geel, Belgium) is used as an internal standard. Clean and dry nitrogen and helium gases 
([H2O] <3.0 ppmv; [O2] <2.0 ppmv; [CxHy] <0.5 ppmv) are provided by Air Liquide (Luik, 
Belgium). 
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Table 16. An overview of the 60 target VOCs. 
(Cyclo)-alkanes  Aromatic  Oxygenated  Halogenated Terpenes  
9 VOCs 13 VOCs 24 VOCs  11 VOCs 3 VOCs 
Methylcyclopentane Benzene Butanal Tetrachloromethane α- Pinene 
Cyclohexane Toluene Hexanal 1,2-Dichloroethane  Limonene 
Hexane Ethylbenzene Heptanal 1,2-Dichloropropane Linalool 
Heptane o-Xylene 3-Methylbutanal Trichloroethylene  
Octane m-Xylene 1-Butanol  Tetrachloroethylene  
Nonane p-Xylene 1-Pentanol Chlorobenzene  
Decane Styrene 2-Ethyl-1-hexanol 1,3-Dichlorobenzene  
Undecane n-Propylbenzene 1-Octanol 1,1,2-Trichloroethane  
Dodecane 1,2,4-Trimethylbenzene 3-Methyl-1-butanol 1,2,4-Trichlorobenzene  
 Benzaldehyde 2-Butanone  1-Bromo-4-fluorobenzene 
 Phenol 2-Hexanone 1,1,1,2-Tetrachloroethane 
 Benzonitrile 2-Heptanone   
 1,3,5-Triisopropylbenzene 2-Octanone   
  5-Nonanone   
  5-Methyl-3-heptanone   
  Acetophenone   
  Ethyl acetate   
  n-Propyl acetate   
  Methyl benzoate   
  2-Methylfuran   
  Tetrahydrofuran   
  HMDS
a 
  
  TMMS
b 
  
  DMDS
c    
VOCs set in bold are new target compounds compared with Chapter 2 (see Table 9). 
Eight VOCs which are not detected (i.e. S/N<3) in any sample are set in italic at the end of each group.  
a HMDS: Hexamethyldisiloxane; b TMMS: Trimethoxymethylsilane; c DMDS: Dimethyl disulfide (not oxygenated). 
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3.2.2 Sampling and analysis 
3.2.2.1 Sampling sites 
The airborne VOCs have been measured on selected days between 2011 and 2014 via nine 
sampling campaigns across seven cities in the four developing countries (Ethiopia, 
Vietnam, the Philippines, and Bangladesh). An overview (e.g. population, population 
density of each location, coordinates of the sampling locations, date of sampling) is given 
in Appendix Table A4. 
In each country, at least two distinct sampling campaigns (i.e. urban and industrial) were 
conducted. For each urban sampling campaign, three representative indoor/outdoor 
sites were sampled: (i) the indoor environment of a residential home (ii) an outdoor site 
in a heavy traffic roadside and (iii) an outdoor place in a park. The park location was 
chosen as an outdoor background location. 
For each industrial campaign, three representative indoor/outdoor sites were also 
sampled: (i) the indoor environment of a residential house and (ii) two residential outdoor 
sites which are surrounded by local industrial activities (See further Appendix Table A4). 
From each indoor/outdoor site, a total of six samples were taken on three separate days 
(two during weekdays and one at the weekend) at two durations during fixed periods (8:00 
to 11:00; 17:00 to 19:00). Hence, 18 samples were taken for each sampling campaign 
leading to a grand total of 162 samples. 
3.2.2.2 Sampling method 
Preparation of the sampling tubes are required as details in Chapter 2 including (i) 
conditioning, (ii) preparation of the IS, and (iii) loaing the sampling tubes with IS. Then, 
airborne VOCs were actively sampled by pumping air for 30 min for each sample by a 
calibrated (100 mL/min) portable pump (Gilair) through Markes stainless steel sorbent 
tubes (3.5 inches long, 0.25 inch O.D. x 4 mm I.D) filled with 200 mg Tenax TA (35/60 mesh). 
All sampling characteristics (i.e. safe sampling volume, blank control, height of the pump 
during sampling, etc.) were by recommendations from our previous research (Do et al., 
2013). 
3.2.2.3 Analysis by TD-GC-MS 
IS calibration is utilized for VOCs quantification by the methodology described earlier 
(Demeestere et al., 2008). Before each analytical run, the TD-GC-MS is calibrated and the 
relative sample response factor (RSRF: response factor of the compound (peak area/ng 
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loaded on the tube) divided by the response factor of the IS), is calculated (N = 2) for each 
VOC. The sample preparation, TD-GC-MS analysis, and the calculation methodology used 
to determine concentrations are performed in the same way as described in Chapter 2. 
Data were quantitatively processed by using a set of characteristic ions for each selected 
VOC as presented in Appendix Table A5.  
3.2.3 Statistical analysis 
The statistical software package IBM SPSS (Version 22) was utilized to examine statistical 
differences between measured concentration levels. Given that the required pre-
conditions of one-way ANOVA were not all satisfied, the Kruskal–Wallis rank sum test was 
used. If there was a significant difference (p < 0.01) between at least two of the population 
medians, pairwise comparisons were further performed. 
3.3 Results and discussion 
3.3.1 Concentration levels 
From the 60 target compounds, eight VOCs (from which four belong to the group of 
halogenated compounds) are never detected (i.e. S/N < 3) in any sample and are set in 
italic in Table 16. The LOD, detection frequency (DF) and quantification frequency (QF) 
are documented in Appendix Table A5. From the 52 remaining VOCs, concentration levels 
are determined as seen in Appendix Table A6. 
An overview of the observed TVOCs levels (μg/m3) is given in Figure 12 illustrating that 
the TVOCs levels in this study (N = 18 per campaign) vary significantly. Statistical analysis 
shows that there are significant differences (p < 0.01) in 10 pairwise comparisons (i.e. Et2 
< Vn3, Et2 < Ph2, Et2 < Bd1; Et2-Bd2, Et1 < Bd1, Et1 < Bd2, Vn1 < Bd1, Vn1 < Bd2, Vn2 < Bd1, 
Vn2 < Bd2). The highest TVOCs concentrations in Dhaka (Bd1; Bd2) are more than ten 
times higher compared to the lowest TVOCs levels (arithmetic mean: 29 and 25 μg/m3) 
observed in Mekelle, (Et1; Et2). 
Of all studied cities, Dhaka has the largest population (more than 15 million inhabitants) 
and highest population density (10516 inhabitants per km2) as documented in Appendix 
Table A4. The highest TVOCs values (median for Bd1: 311; Bd2: 332 μg/m3) recorded there 
is probably a result of highly condensed traffic congestions, typically for a big city of a 
developing country (Do et al., 2013). The traffic jam in this mega city is clearly reflected 
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in the measured concentrations since the half-hourly VOCs samples were collected 
during morning and evening peak hours (Section 3.2.2). Schwela et al. (2006) showed that 
emission of two-stroke auto-rickshaws, a common vehicle in Dhaka, exceed four to seven 
times the maximum permissible levels.  
Besides transportation, such high TVOCs levels as observed in Dhaka (Bd2) indicate an 
influence of industrial processes on the air quality concerning airborne VOCs. Most of the 
industries in the capital are located in Tejgaon (characterized mainly by food and 
chemical plants) and Mohakhali (characterized primarily by printing press) where 
sampling campaigns were conducted. 
Figure 12. Box plot of TVOCs (μg/m3) measured in Ethiopia (Et1: urban Mekelle; Et2: airport 
Mekelle); Vietnam (Vn1: urban Ha Giang; Vn2: urban Ninh Binh; Vn3: urban Hanoi), 
Philippines (Ph1: urban Manila; Ph2: industrial Laguna) and Bangladesh (Bd1: urban Dhaka; 
Bd2: Industrial Dhaka); (Median; Box: 25th–75th percentile; N = 18 per campaign). 
 
Figure 13 shows the relative contribution (%) of each group to the TVOCs concentration 
for the nine sampling campaigns (N = 18 per campaign). Despite the significant difference 
in TVOCs levels observed (Figure 12), the contribution of the aromatic group to TVOCs is 
found to be quite similar. In all cases, aromatic compounds are the most prominent group 
contributing to TVOCs from 55 ± 19 (%) in the airport Mekelle (Et2) to 68 ± 8 (%) in Ninh 
Binh (Vn2). The (cyclo)-alkanes are relatively significant in Manila, (Ph1: 27 ± 18%) and in 
both urban and industrial environments of Dhaka (Bd1: 24 ± 4%; Bd2: 23 ± 7%). One 
particular result is the very high indoor TVOCs level (1344 μg/m3 in Manila (Ph1). The 
Et1        Et2        Vn1   Vn2       Vn3      Ph1       Ph2       Bd1       Bd2 
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mass spectra also reveal a great contribution of (cyclo)-alkanes (932 μg/m3), which 
originates from the application of a solvent (petroleum) based insecticide. Oxygenated 
compounds are the second dominant group in Ethiopia (Et1:18 ± 9%; Et2: 23 ± 13%) and in 
the Philippines (Ph1:15 ± 8%; Ph2: 21 ± 11%). Figure 13 also reveals the minor contribution 
of the terpenes (the highest value: 5 ± 6% in Et2) and halogenated compounds (the highest 
value: 6 ± 12% in Bd2) to the TVOC levels. 
 
Figure 13. Stacked column (100%) contribution of each group to TVOCs (N = 18 per campaign) 
measured in Ethiopia (Et1: urban Mekelle; Et2: airport Mekelle); Vietnam (Vn1: urban Ha 
Giang; Vn2: urban Ninh Binh; Vn3: urban Hanoi), Philippines (Ph1: urban Manila; Ph2: 
industrial Laguna) and Bangladesh (Bd1: urban Dhaka; Bd2: industrial Dhaka). 
Among aromatic hydrocarbons, BTEX compounds are of great concern mainly because of 
(i) the roles they play in tropospheric chemistry and (ii) the risks they pose to human 
health (Alghamdi et al., 2014; Chen et al., 2011; and Franco et al., 2012). The ∑BTEX levels 
from this work (N = 6) are compared with other studies as presented in Table 17. 
Three points deserve special attention. First, there is a high variability in ∑BTEX levels at 
both urban street and urban industrial sites. ∑BTEX levels at street sites range from less 
than 45 μg/m3 in Mekelle (Et1) and Hongkong to around 250 μg/m3 in Dhaka (Bd1) and 
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Macau. To the same extent, ∑BTEX levels at urban ambient industrial sites range from 
roughly 30 μg/m3 in Binan (Ph2: printing press) and Yokohama (petrochemical plant) to 
226 μg/m3 in Dhaka (Bd2: printing press). Second, ∑BTEX levels at street sites measured 
in the capital cities of the Philippines, Vietnam, and Bangladesh (i.e. Ph1, Vn3, and Bd1) 
are a factor 2, 3, and 7, respectively, higher than the level measured in Mekelle (Et1) which 
has the lowest concentration level among all studied urban street sites. Finally, the low 
∑BTEX level at the airport in Mekelle (2 μg/m3) can be explained by the low activities 
with its capacity of 112000 passengers per year (see Appendix Table A4). 
Table 17. Comparison between ∑BTEX concentrations (μg/m3) at the urban street and 
ambient industrial sites in this study (N = 6) and other studies (B: benzene; T: toluene; E: 
ethylbenzene; X: xylene; o-X, m-X, p-X stand for three isomers of xylene). Bold numbers 
represent the sum of the BTEX concentrations. 
Refa Country, City Site description B T E m,p-X o-X ∑BTEX 
[1] Ethiopia, Mekelle 
(Et1) 
Street (St) 3.7 16.8 3.6 8.7 3.2 36 
[1] Vietnam, Ha Giang 
(Vn1) 
St 6.4 18.7 4.1 13.6 4.7 47 
[1] Vietnam, Hanoi 
(Vn3) 
St 11.9 39.2 9.2 27.2 9.3 97 
[1] Philippines, Manila 
(Ph1) 
St 7.0 20.5 5.5 16.1 8.3 57 
[1] Bangladesh, Dhaka 
(Bd1) 
St 13.0 88.5 25.0 92.6 32.9 252 
[2] Hongkong, HKPU St 4.9 28.8 3.1 4.0 2.9 44 
[3] China, Nanhai St 20.0 39.1 3.0 14.2 n.a 76 
[4] China, Nanijng St 15.8 38.2 7.0 9.3 7.1 77 
[5] Hongkong, Mongkok St 28.9 70.0 2.1 10.6 2.2 114 
[3] China, Guangzhou St 51.5 77.3 17.8 81.6 n.a 228 
[3] China, Macau St 34.9 85.9 24.1 95.6 n.a 241 
[1] Ethiopia, Mekelle 
(Et2) 
Airport 0.6 0.9 0.2 0.6 0.2 2 
[1] Vietnam, Ninh Binh 
(Vn2) 
St, Coal-fired power plant 10.8 21.9 4.9 16.7 8.5 63 
[1] Philippines, Binan 
(Ph2) 
Printing press 1.4 5.7 8.2 8.9 3.9 28 
[1] Philippines, Calamba 
(Ph2) 
Painting plant 2.8 12.6 26.8 61.0 27.7 131 
[1] Bangladesh, Dhaka 
(Bd2) 
Food/chemical plants 6.7 56.7 11.5 42.5 15.8 133 
[1] Bangladesh, Dhaka 
(Bd2) 
Printing press 9.0 104.8 21.3 66.7 23.8 226 
[6]b China, Guangdong Industrial suburban 4.1 27.5 3.5 7.4 2.2 45 
[7]b Japan, Yokohama Petrochemical plant 3.4 12.8 6.4 4.9 2.0 29 
[6]b China, Guangdong Industrial 8.9 50.8 8.7 21.2 5.2 95 
[8]b South Korea, Ulsan Industrial 6.7 14.7 3.9 16.5 4.8 47 
a [1]: this study; [2]: (Ho, et al., 2002); [3]: (Wang, et al., 2002); [4]: (Wang and Zhao, 2008); [5]: (Chan, et al., 2002); 
[6]: (Chan, et al., 2006); [7]: (Tiwari, et al., 2010); [8]: (Na, et al., 2001). b When the published data are in ppbv 
documented, they are converted into µg/m3 by using equation: concentration (µg/m3) = concentration 
(ppbv)*MW/24.5 (assuming 25ºC and 1 atm) where MW is molecular weight of the concerned VOC (Markes-
International, 2014); n.a. = not available. 
To the best of our knowledge, air quality guidelines have been promulgated in the four 
developing countries covering mostly inorganic pollutants (e.g. SO2, NO2) while toxic 
VOCs (e.g. benzene) have remained unregulated. In Europe, the ambient benzene 
concentration is restricted by the EU 2000/69/EC directive to 5 μg/m3. In this regard, all 
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benzene concentrations (Table 17) measured at the street sites in Vietnam (Vn1: 6.4; Vn2: 
10.8; Vn3: 11.9 μg/m3), Philippines (Ph1: 7.0 μg/m3), and Bangladesh (Bd1: 13.0 μg/m3) do 
not comply with the European directive. However, it should be stressed that the data on 
which our analyses are based are both spatially and temporally restricted (Appendix 
Table A4) while the European guideline is set for an average concentration of one year. 
Among BTEX, toluene is the most dominant accounting for 24 and 28% of aromatic levels 
in urban and industrial campaigns in Bangladesh, respectively. Figure 14 shows the box-
plot of toluene measured in the four countries. The mean coefficient of variation (CV) for 
this compound across the four countries rises to 110% (N = 162). 
 
Figure 14. Comparison between concentration levels (μg/m3) of toluene (A) and TCM (B) 
measured in Ethiopia (Et1: urban Mekelle; Et2: airport Mekelle); Vietnam (Vn1: urban Ha 
Giang; Vn2: urban Ninh Binh; Vn3: urban Hanoi), Philippines (Ph1:urban Manila; Ph2: 
industrial Laguna) and Bangladesh (Bd1: urban Dhaka; Bd2: industrial Dhaka); (Median; Box: 
25th-75th percentile; N = 18 per campaign). 
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Among those VOCs that can be quantified in all samples (i.e. N = 162), tetrachloromethane 
(TCM) has the smallest contribution to TVOCs. Despite the fact that the measured toluene 
concentrations vary significantly as ∑BTEX levels and TVOCs, the TCM levels are both 
low and stable (Figure 14b). The mean CV for this VOC (N = 162) is 22%. The highest 
concentrations of TCM are observed in Ninh Binh (Vn2: 0.34–0.72 μg/m3) suggesting an 
influence of the local source. TCM is very stable in the troposphere since it does not react 
with hydroxyl (OH) radicals that initiate transformation reactions resulting in a quite 
homogenous distribution all over the globe (ATSDR, 2005 and Mohamed et al., 2002). Also, 
sources are limited since large-scale use is banned. 
 
3.3.2 Indoor-to-outdoor concentration ratios (I/O) 
The I/O values for the five groups and TVOCs from the four countries are presented in 
Table 18. The I/O values are calculated based on the 25th (P25), 50th (P50) and 75th (P75) 
percentile values of the measured concentrations. 
From the nine campaigns, the I/O ratios for TVOCs from Mekelle (Et1), Ninth Binh (Vn2) 
and Dhaka (Bd1) have a similar trend. The I/O values for TVOCs in the urban 
environments of those cities are higher than one (Et1: 2.7–3.2; Vn2: 2.6–3.7; Bd1:2.0–2.7) 
when the outdoor concentrations in the parks are chosen as a reference. Considering the 
street sites as outdoor reference, a different picture emerges in those three cities: the I/O 
values for TVOCs are lower than one (Et1: 0.3–0.4; Vn2: 0.5–0.6; Bd1: 0.6–0.8). On the 
contrary, the I/O values for TVOCs in airport Mekelle (Et2) are bigger than one (I/O: 3.1–
13.5) while those ratios in Ha Gang (Vn1) are smaller than one (I/O: 0.1–0.7) regardless of 
the concerned outdoor environments. 
The highest I/O value for TVOCs (21.8) is observed in Manila (Ph1). This number is a result 
of the relatively large contribution of alkanes (933 μg/m3) due to residual petroleum 
based solvent from an insecticide application. Except for urban Manila (Ph1), the I/O 
values for TVOCs are strongly affected by aromatic compounds which are the most 
prominent group as seen in Figure 13. 
The results also indicate that there are possible indoor sources of oxygenated compounds 
(Et1, Et2, Vn3, Ph1, Bd1). For example, in Hanoi (Vn3), Manila (Ph1) and Dhaka (Bd1), the 
mean I/O value for oxygenated VOCs ranges from 1.1 to 4.1. The indoor VOCs which are 
mainly responsible for the high I/O values for oxygenated compounds are further 
identified as Et1: hexanal, (23% of the ∑oxygenated compounds); Et2: 2-butanone (31%); 
Vn3: ethyl acetate (33%) and 2-ethyl-1-hexanol (19%); Ph1: 1-octanol (29%); Bd1: 2-ethyl-
1-hexanol (36%) and hexanal (13%).  
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According to US-EPA (2000), 2-butanone (also referred to as MEK) is used in the 
production of paraffin wax and household products, e.g. lacquer and varnishes, paint 
remover, and glues. Ethyl acetate is primarily used as a solvent but is also used in 
confectionery, perfumes, and fruits (US-EPA, 1988). A plausible explanation for the indoor 
source of 1-octanol is its use as a solvent (the insecticide application). An increased indoor 
2-ethyl-1-hexanol concentration (Vn3, Bd1) is likely due to the hydrolysis reaction of 
di(2-ethylhexyl)phthalate, which is a plasticizer used in PVC flooring (Sakai et al., 2006). 
This suggests that indoor air quality can be partly controlled through careful selection of 
building materials and products. 
Table 18 illustrates possible indoor sources of terpenes (Et2, Vn2, Vn3, Ph1, Ph2, and Bd1). 
In Hanoi (Vn3), Manila (Ph1) and Dhaka (Bd1), the mean I/O for terpenes varies from 2.0 
to 18.5. Such a wide variation in the I/O values can be explained by the occurrence levels 
of limonene. Limonene is one of the three terpenes determined in this study (i.e. α-
pinene, limonene, and linalool) and is widely used in air freshening sprays, vinyl-floor, 
hand-wash alcohol gel, and cleaning products. The result is in agreement with other 
studies (Norgaard et al., 2014 and Waring and Wells, 2015). 
For halogenated compounds, the I/O values are close to one in the three sampling 
campaigns (Et2, Vn1, and Vn2) and are determined manily by the TCM. This halogenated 
VOC has a high contribution (90%) to the observed halogenated compound 
concentrations in both indoor and outdoor air environments in Ninth Binh (Vn2). For the 
other cases, the I/O values are also influenced by 1,2-dichloroethane, 1,2-
dichloropropane, trichloroethylene, tetrachloroethylene, 1,3-dichlorobenzene. The 
highest mean I/O (22.8) is observed in the industrial environment of Dhaka (Bd2). This 
value can be explained by the relatively large contribution of 1,3-dichlorobenzene 
(between 9 and 107 μg/m3) indoors suggesting indoor sources of 1,3-dichlorobenzene at 
this site. 
Overall, the results clearly are in agreement with Chapter 2 that the I/O values for VOCs 
depend on the specific situation such as the country, type of environments (i.e. urban 
versus industrial), type of pollutant considered (e.g. terpenes versus halogenated 
compounds), and specific indoor/outdoor location (e.g. street versus park).
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Table 18. I/O values calculated with 25th (P25), 50th (P50) and 75th (P75) percentile of the measured concentrations in the four studied countries.  
 Et1 I/O1 = H/St; I/O2 = H/P Et2 I/O1 = H/A1; I/O2 = H/A2 Vn1 I/O1 = H/St; I/O2 = H/P 
P25 P50 P75 Mean P25 P50 P75 Mean P25 P50 P75 Mean 
TVOCs 0.3a; 2.7b 0.4a; 3.2b 0.3a; 2.7b 0.3c; 2.9c 5.5; 12.1 5.5; 13.5 3.1; 13.1 4.7; 12.9 0.2; 0.7 0.2; 0.7 0.1; 0.7 0.2; 0.7 
(Cyclo)- alkanes 0.2; 2.4 0.2; 2.6 0.1; 2.2 0.2; 2.4 1.1; 5.7 0.8; 5.2 0.4; 4.7 0.8; 5.2 0.2; 0.6 0.1; 0.7 0.1; 1.1 0.1; 0.8 
Aromatic compounds 0.2; 2.9 0.3; 3.4 0.3; 3.0 0.3; 3.1 9.8; 21.4 9.7; 22.1 7.9; 23.6 9.1; 22.3 0.2; 0.7 0.1; 0.7 0.1; 0.6 0.1; 0.7 
Oxygenated compounds 1.3; 3.4 1.1; 3.5 1.1; 2.0 1.2; 2.9 2.7; 6.2 3.2; 5.4 1.7; 5.4 2.5; 5.7 0.5; 0.6 0.5; 0.7 0.7; 0.8 0.6; 0.7 
Halogenated compounds 0.4; 0.8 0.3; 0.8 0.2; 0.8 0.3; 0.8 0.9; 0.7 1.0; 0.8 1.1; 0.9 1.0; 0.8 1.2; 0.8 1.0; 0.9 1.0; 0.4 1.1; 0.7 
Terpenes 0.8; 4.3 0.8; 2.9 0.8; 2.7 0.8; 3.3 1.6; 14.0 3.6; 24.4 1.3; 34.2 2.2; 24.2 0.5; 0.6 0.9; 1.1 1.2; 1.5 0.9; 1.1 
 Vn2  Vn3  Ph1  
TVOCs 0.5; 2.6 0.5; 3.6 0.6; 3.7 0.5; 3.3 1.5; 2.2 0.8; 2.0 0.6; 2.1 1.0; 2.1 0.7; 3.1 0.9; 3.3 5.8; 21.8 2.4; 9.4 
(Cyclo)- alkanes 0.4; 2.1 0.5; 4.1 0.5; 5.1 0.5; 3.8 1.3; 2.7 0.9; 2.4 0.7; 2.5 1.0; 2.6 1.4; 7.0 1.8; 6.9 24.8; 68.8 9.3; 27.3 
Aromatic compounds 0.5; 3.0 0.5; 4.3 0.5; 4.4 0.5; 3.9 1.1; 1.6 0.6; 1.5 0.4; 1.5 0.7; 1.6 0.4; 2.1 0.6; 2.9 1.4; 6.8 0.8; 4.0 
Oxygenated compounds 0.9; 2.0 0.8; 1.4 1.0; 1.7 0.9; 1.7 4.4; 3.9 3.0; 2.8 3.0; 3.5 3.5; 3.4 1; 1.7 1.3; 1.7 7.4; 8.8 3.2; 4.1 
Halogenated compounds 1.0; 1.0 1.1; 1.1 1.0; 1.0 1.0; 1.0 1.9; 1.5 1.5; 1.2 1.3; 1.1 1.6; 1.3 3.5; 2.4 3.2; 6.3 2.2; 5.9 3.0; 4.9 
Terpenes 3.9; 13.2 4.3; 15.7 4.2; 15.7 4.1; 14.8 29.3;18.1 14.5;12.0 11.8; 6.5 18.5; 12.2 6.5; 12.8 7.0; 13.6 7.0; 11.5 6.8; 12.6 
 Ph2 
 Bd1  Bd2  
TVOCs 0.8; 0.8 0.2,; 0.7 0.4; 1.9 0.5; 1.1 0.7; 2.0 0.8; 2.5 0.6; 2.7 0.7; 2.4 1.0; 1.3 0.7; 1.1 0.6; 1.1 0.8; 1.2 
(Cyclo)- alkanes 0.4; 0.3 0.4; 0.3 0.4; 0.2 0.4; 0.3 0.6; 2.4 0.7; 2.1 0.6; 2.2 0.6; 2.2 0.8; 1.1 0.8; 1.3 0.6; 0.9 0.8; 1.1 
Aromatic compounds 0.7; 0.7 0.2; 0.7 0.4; 1.9 0.4; 1.1 0.8; 2.5 0.6; 2.4 0.5; 2.7 0.6; 2.5 0.6; 0.8 0.6; 0.9 0.4; 0.8 0.5; 0.8 
Oxygenated compounds 1.2; 1.8 0.2; 1.8 0.3; 5.3 0.6; 3.0 1.1; 1.8 1.1; 1.9 0.9; 2.0 1.1; 1.9 1.4; 1.0 0.9; 1.1 0.7; 0.7 1.0; 0.9 
Halogenated compounds 2.8; 1.2 1.8; 0.7 2.0; 0.6 2.2; 0.8 1.2; 1.3 1.0; 1.0 0.5; 1.0 0.9; 1.1 3.2; 12.6 7.5; 22.6 12.8; 33.1 7.8; 22.8 
Terpenes 14.2; 5.6 11.0; 4.0 20.8; 4.9 15.3; 4.8 2.5; 5.4 1.8; 10.7 1.7; 10.1 2.0; 8.7 0.6; 2.5 0.3; 2.9 0.2; 3.1 0.4; 2.8 
Ethiopia (Et1: urban Mekelle; Et2: airport Mekelle); Vietnam (Vn1: urban Ha Giang; Vn2: urban Ninh Binh; Vn3: urban Hanoi), Philippines (Ph1: urban Manila; 
Ph2: industrial Laguna) and Bangladesh (Bd1: urban Dhaka; Bd2: industrial Dhaka). 
 H: House; St: Street; P: Park; A1 and A2: two residential outdoor sites surrounded by local industrial activities as described in Section 3.2.2.1. 
a: I/O1. 
b: I/O2. 
;c: Arithmetic mean based on the three values of I/O1 and I/O2 respectively.
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3.3.3 Ozone formation potential (OFP) 
As explained in Section 3.1, the dimensionless coefficient MIR multiplied by the measured 
concentration of each VOC indicates how much the compound may contribute to OFP in 
the air (Fanizza et al., 2014). Furthermore, OFP calculated for a selected set of aromatic 
compounds  can be a good indicator for ground ozone formation (Do et al., 2013). Recently 
updated MIR values (MIR-12) have been used for the OFP estimation (Carter and Heo, 
2012). Hence, a direct OFP comparison (Figure 15) is made between the street and park 
sites in urban environments measured in this study and other urban studies in China 
(Wang and Zhao, 2008); Belgium (Do et al., 2013) and Italy (Fanizza et al., 2014). This 
comparison is excecuted for the same set of aromatic VOCs: benzene, toluene, 
ethylbenzene, m,p-xyleness, o-xylene, and 1,2,4-trimethylbenzene. Three major points 
deserve our special attention. 
First, the highest OFP value (2200 μg/m3) is observed at the street site in Dhaka (Bd1-St), 
which is respectively three and four times higher than the OFP at the street sites in Hanoi 
(Vn3-St) and Manila (Ph1-St). Second, the six lowest calculated OFP values (in the range 
of 11–64 μg/m3) are obtained at the parks, except for the park site in Bangladesh (300 
μg/m3). The park sites are chosen since they represent an outdoor background location 
in the sampled countries. However, the calculated OFP value at a busy street location in 
Ghent, Belgium is around two times lower than the estimated OFP values in the parks of 
Hanoi and Dhaka. Finally, the highest contributors to the calculated OFP are toluene (35 
± 11%); m,p-xylenes (29 ± 5%); 1,2,3-trimethylbenzene (16 ± 8%); and o-xylene (12 ± 3%) 
while the sum of the two smallest contributors (i.e. benzene and ethylbenzene) amounts 
just less than 10%. 
Aromatic VOCs are essential components of fossil fuels and are predominantly emitted by 
vehicle exhausts, from fuel evaporation and spillage. That explains why the most 
abundant compounds in fossil fuels and consequently in urban air masses are aromatic 
VOCs (Koppmann, 2007). The two different OFP trends in Figure 15 (i.e. high in the 
developing countries against low in the developed ones) could be explained. In the 
developing world, traffic congestions and a sharp increase in vehicular number without 
adequate exhaust control devices (e.g. catalysts) are central factors resulting in high 
concentrations of the aromatic VOCs (Do et al., 2013). In the developed countries, VOCs 
levels tend to decrease and are much lower compared with less developed countries. This 
achievement is a result of the enforcement of emission reduction measures which 
demonstrates the effectiveness of strategies adopted for improving air quality in urban 
areas (Fanizza et al., 2014). Other factors such as meteorological conditions (season, wind 
speed, etc.), road conditions, and possible other non-traffic sources of VOCs (e.g. solvents) 
could also affect the urban concentrations of the aromatic VOCs (Koppmann, 2007). 
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However, concerning season, all sampling campaigns in Figure 15 were conducted in 
summer, except for one campaign in Vietnam (Vn2). 
 
 
Figure 15. Comparison of OFP (μg/m3) among the four studied countries at street (St) park (P) 
sites (N = 6) in this study [Et: Ethiopia, Vn: Vietnam; Ph: Philippines Bd: Bangladesh) and other 
studies (Be: Belgium (Do et al., 2013); It: Italia (Fanizza et al., 2014); Cn: China (Wang and Zhao, 
2008)] based on MIR-12 and the same set of seven aromatic VOCs. Only in Belgium, the 
concentration of o-xylene is estimated by using a ratio of m,p-xylenes/o-xylene equal to 3.0 based 
on one study conducted in the same city (Do et al., 2014). 
3.3.4 Cumulative cancer risk by inhalation (CCR) 
The inhalation cancer risk for a toxic VOC can be calculated provided that its air unit risk 
is available in the literature, and the exposure concentration is known (See Section 3.1). 
Three agencies, namely the US-EPA, the IARC, and the Cal/EPA, are initially chosen to 
search for air unit risk values. Since one main objective of this research is to determine 
the maximum cancer risk, the air unit risk values by the Cal/EPA have been adopted for 
usage (Cal/EPA, 2011).  
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As a result, the cancer risk via inhalation of the four carcinogenic VOCs (i.e. benzene, 
ethylbenzene, tetrachloromethane, and trichloroethylene) and their CCR are shown in 
Table 19, together with the cancer classification for each compound. The calculation is 
done based on the assumption that the arithmetic mean VOC concentration (N = 18), 
which represent both indoor and outdoor in the urban and industrial sites, is equal to the 
exposure concentration of that carcinogenic VOC. 
 
Table 19. A summary calculation for CCR of the four carcinogenic VOCs (N = 18 per 
campaign) in the four studied countries according to IUR documented by Cal/EPA.  
VOCs C6H6 C6H5C2H5 CCl4 C2HCl3  
IUR by Cal/EPA 2.9E-05 2.5E-06 4.2E-05 2.0E-6  
US EPA class A D B2 n.c.  
IARC class 1 2B 2B 2A  
Country/Campaign Risk by individual VOC(×E6) CCR(×E6) 
Et1 83.36 3.29 10.82 0.09 98 
Vn1 87.32 4.03 8.89 0.13 100 
Ph1 88.01 8.48 5.29 0.01 102 
Ph2 62.68 33.37 7.56 0.25 104 
Vn2 158.06 5.58 18.10 <0.01 182 
Et2 185.66 0.92 10.29 0.01 197 
Vn3 193.43 16.99 5.72 0.30 216 
Bd2 199.43 34.41 8.89 0.03 243 
Bd1 257.17 33.45 8.26 0.04 299 
Ethiopia (Et1: urban Mekelle; Et2: airport Mekelle); Vietnam (Vn1: urban Ha Giang; Vn2: urban Ninh 
Binh; Vn3: urban Hanoi); Philippines (Ph1: urban Manila; Ph2: industrial Laguna) and Bangladesh (Bd1: 
urban Dhaka; Bd2: industrial Dhaka). The cancer risk for CHCl3 is calculated based on the assumption 
that ND and D are equal to LOD/2 and LOQ/2, respectively; n.c. = not classified. Bold numbers represent 
the sum of the CCR of the individual compounds. 
 
The estimated CCR.106 values from the four selected countries range from 97 in the urban 
campaign in Mekelle (Et1) to around 300 in the urban campaign in Dhaka (Bd1), showing 
different rankings compared with the discussed TVOCs levels. For example, the TVOCs 
values obtained at the two sampling campaigns in Manila (Ph1) and Laguna (Ph2) are 
among the five highest ones (See Figure 12) while the computed CCR.106 values are just 
among the smallest ones (Ph1:102; Ph2:104). 
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Benzene plays a key role in this risk assessment by inhalation and accounts for 84 ± 10% 
of the CCR values in all cases. It is worth stressing that no safe level of exposure can be 
recommended for this VOC and benzene inhalation accounts for more than 99% of the 
exposure of the general population (WHO, 2000).  
The results also indicate the importance of ethylbenzene to CCR calculated for the 
industrial sites in Dhaka (Bd2: 14%) and Laguna (Ph2: 32%). Although two halogenated 
VOCs are considered in this CCR calculation, the role of trichloroethylene to CCR is 
negligible. The highest contribution of this halogenated compound to CCR is 0.2% for the 
industrial campaign in Laguna (Ph2). 
The lifetime excess cancer risk has been calculated by assuming that exposure occurs at 
the same level, 24 h per day, for 70 years. This assumption is rarely true for any single 
individual in real life. It should also be noted that uncertainty is inherent in quantitative 
risk assessment. In this work, the value of CCR is the sum of the risks caused by the 
individual carcinogenic compound. It means that the calculation ignores possible 
interaction between chemical stressors, e.g. potential synergistic effects of benzene and 
naphthalene as documented elsewhere (Ragas et al., 2011). 
However, by using the same sampling/analytical methodology, targeting the same group 
of VOCs, and designing all sampling campaigns in the same way, we have provided for the 
first time a fair comparison of cancer risk assessment via inhalation in urban and 
industrial environments from the four selected developing countries, where data have 
hardly existed today. 
3.4 Conclusions 
Between 2011 and 2014 on the selected days, VOCs were measured at 27 indoor and 
outdoor sites in both urban and industrial environments of the seven cities situated in 
the four studied countries (Ethiopia, Vietnam, Bangladesh, Philippines). Five key findings 
can be drawn. 
First, this research has documented new data on the concentration levels of 52 VOCs. Our 
research reports for the first time indoor and outdoor concentration levels of multi-class 
VOCs in both urban and industrial air environments in Ethiopia, Philippines, and 
Bangladesh. In Vietnam, this is the first time concentration levels from such a wide range 
of VOCs have been documented for the three different cities. 
Second, the results of VOCs levels illustrate the differences in ambient air quality in those 
four studied countries. The two campaigns in Bangladesh show the highest TVOCs 
 83 
(arithmetic mean: 344 and 313 μg/m3) which are more than ten times higher than the 
lowest TVOCs levels observed in Ethiopia. The highest ∑BTEX values are measured at 
street sites in the capital cities of the Philippines, Vietnam, and Bangladesh with 
arithmetic mean values of 5, 96 and 252 μg/m3, respectively. 
Third, the I/O values for TVOCs and the five groups are calculated. Given the importance 
of specific aspects such as the sampling country, specific sampling location and type of 
pollutants considered, it has been shown difficult to generalize differences in air quality 
between indoor and outdoor in both urban and industrial environments. 
Fourth, comparison of OFP is made according to updated MIR values and the same set of 
the seven aromatic VOCs. The highest OFP (2200 μg/m3) is computed for the street site in 
Dhaka, Bangladesh which is respectively three and four times higher than the OFP values 
at the street sites in Hanoi and Manila. The biggest contributor to the calculated OFP is 
toluene (35 ± 11%). 
Finally, the estimated CCR.106 values of the four carcinogenic VOCs fall within a range of 
97 in the urban sites in Mekelle (Et1) to around 300 in the urban sites in Dhaka (Bd1) which 
shows different rankings compared with the TVOCs values. Benzene plays a key role in 
this risk assessment accounting for 84 ± 10% of the CCR values. Also, the results suggest 
the role of ethylbenzene in the CCR values at the industrial sites in Dhaka (Bd2: 14%) and 
Laguna (Ph2: 32%). To the best of our knowledge, this work has reported for the first time 
a meaningful comparison of cancer risk assessment via inhalation in the four studied 
countries. The information on CCR is expected to become a useful tool not only to 
compare the air quality but also to inform policy-makers in those countries in assessing 
the adverse impact of toxic VOCs and in considering various options for air quality 
management. 
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Chapter 4 Exposure to volatile organic 
compounds: a comparison among different 
transportation modes 
Redrafted from: Do, H.D., Van Langenhove, H., Chigbo, S.I., 
Amare, A.N., Demeestere, K., Walgraeve, C. (2014) 
Exposure to volatile organic compounds: comparison 
among different transportation modes. Atmospheric 
Environment 94, 53-62. 
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Summary: The increasing trend of promoting public transportation (bus tram, 
metro, train) and more environmentally friendly and sustainable nonfossil-fuel 
alternatives (e.g. walking, cycling) as substitutes for auto vehicles brings 
forward new questions concerning pollutant levels to which commuters are 
exposed. In this study, three transportation modes (tram, auto vehicle and 
bicycle) are studied, and concentration levels of 84 VOCs [(Cyclo)-alkanes, 
aromatic hydrocarbons, oxygen containing hydrocarbons, terpenes, and 
halogenated compounds] are measured along a route in the city of Ghent, 
Belgium. The concentration levels are obtained by active sampling on Tenax TA 
sorbent tubes followed by thermal desorption gas chromatography mass 
spectrometry (TD-GC-MS) using deuterated toluene as an internal standard. The 
median total VOC concentrations for the tram mode (33 μg/m³) is 1.7 times 
higher than that of the bicycle mode (20 μg/m³) and 1.5 times greater than for 
the car mode (22 μg/m³). It is found that aromatic hydrocarbons account for a 
significant proportion of the TVOCs being as high as 41–57%, 59–72% and 58–
72% for the tram, car, and bicycle respectively. In all transportation modes, 
there was a high (r > 0.6) degree of correlation between BTEX compounds, 
isopropylbenzene, n-propylbenzene, 1,3,5-trimethylbenzene, and 1,2,4-
trimethylbenzene. When comparing time-weighted average concentrations 
along a fixed route in Ghent, it is found that commuters using the tram mode 
experience the highest TVOCs concentration levels. However, next to the 
concentration level to which commuters are exposed, the physical activity level 
involving the mode of transportation is critical to assess the exposure to toxic 
VOCs. The comparison suggests that the commuter using a bicycle inhales seven 
and nine times more benzene compared to the commuter using the car and tram 
respectively when the same route is followed. 
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4.1 Introduction 
Implementation of more stringent regulations about car emissions leads to decreased 
emissions of air pollutants in Flanders, Belgium, even when the number of cars increases 
(MINA-4, 2011–2015). The car fleet in Flanders has grown from around more than three 
million in 2010 by around 36000 cars per year during the last decade. Diesel- powered cars 
represent a major proportion of the fleet at 61% in 2010 (MORA, 2014).  
Emissions from the traffic sector in Flanders were 100 kton NOx, 29 kton NMVOCs, 6 kton 
PM2.5 and 3.4 kton SO2 for the year 2000. The emissions have decreased to 75 kton NOx, 7 
kton NMVOCs, 3.3 kton PM2.5 and 1.4 kton SO2 by the year 2010, or a reduction of 25%, 75%, 
46%, 58% respectively (MIRA-T, 2012). This decrease has clearly reduced the observed 
ambient concentration levels of toxic VOCs. The data from the Flemish environmental 
agency, obtained from ten measuring stations in Flanders, show a decrease in the benzene 
concentration from the year 2003–2011 (1.03–0.76 μg/m³ in rural regions; 1.98–0.95 μg/m³ 
in urban regions). These benzene concentrations are well below the limit of 5 μg/m³ 
specified in the Directive 2008/50/EC of the European Parliament (Legislation, 2008). 
However, it should be noted that real life exposure could be higher than those measured 
at fixed air quality stations (Batterman et al., 2002; Huang et al., 2012). Indeed, people 
spend up to 85–90% of their time indoors (houses, offices, gyms, clubs, bars, etc.), and a 
significant amount of time (5%) in traffic while commuting to and from work (Dudzinska, 
2011). The proximity to sources of pollutants in the latter emphasizes their importance. 
Within the micro-environment, concentration levels are sometimes higher than outdoors 
(Batterman et al., 2002, Chan et al., 2003; Ballesta et al., 2006). It has been shown that the 
level of commuter exposure is dependent on the transportation mode, including privately 
owned vehicles, public motorized transportation (bus, tram, train) and non-motorized 
transportation (bicycle, pedestrian). The difference in concentration levels between 
these different transportation modes are explained by several authors to be mainly 
related to (i) engine evaporative emissions, (ii) fuel type (diesel, gasoline, liquefied 
petroleum gas) and fuel composition, (iii) selection of the driving lane (Ongwandee and 
Chavalparit, 2010) (iv) vehicle height, since exhaust is generated near the surface of the 
road (Lau and Chan, 2003), (v) emissions from interior materials (Yoshida et al., 2006), (vi) 
traffic intensity (Ongwandee and Chavalparit, 2010), (vii) ventilation rate (Fedoruk and 
Kerger, 2003), (viii) smoking behavior (Leung and Harrison, 1999) and (ix) meteorological 
conditions (Parra et al., 2008). 
Chan et al. (2003) investigated BTEX concentration levels in four public transportation 
modes in Guangzhou, China, and found that benzene concentration levels in taxi (34 
μg/m³) were the highest when compared to air-conditioned buses (14 μg/m³), non-air 
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conditioned buses (11 μg/m³) and the subway (8 μg/m³). In Hong Kong, benzene levels 
ranged from 4.8 to 6.1 μg/m³ in roadway transport, 3.0–3.8 μg/m³ in railway transports, 
and 2.1 μg/m³ in ferry were observed (Lau and Chan, 2003). For toluene, ethylbenzene 
and xylene isomers, higher concentrations were found in air-conditioned buses and 
trains and could be explained from the solvent related emissions from the interior 
construction materials. Zhang et al. (2008a) have investigated the air quality in parked 
cars and found that concentration levels were 1.1 (formaldehyde) to 1.6 (toluene) higher 
in new vehicles compared to the older ones. 
It can be concluded from the literature survey that studies have mainly focused on a 
limited number of target organic compounds, with the BTEX compounds most often 
studied (Bernabe-Cabanillas and Ortiz-Segovia, 2004; Gomez-Perales et al., 2004; Balanay 
and Lungu, 2009; Hsu and Huang, 2009; Ongwandee and Chavalparit, 2010; Chen et al., 
2011; Jo and Lee, 2011; Tran Thi Ngoc et al., 2013). Among the different transportation 
modes, cycling has only been considered by few studies (Kingham et al., 1998; Panis et al., 
2010; Kendrick et al., 2011; De Nazelle et al., 2012; Weichenthal et al., 2012 ; Elen et al., 
2013).  
It should be stressed that the bicycle lane characteristics have an effect on the exposure 
of cyclists to ultrafine particles (UFP), as the UFP number concentrations in a typical 
bicycle lane (next to road) are significantly higher than on a bicycle track that is separated 
from the road by a row of parked cars (Kendrick et al., 2011). A study conducted in 
Copenhagen found that car drivers experience three to four times higher BTEX 
concentrations and two times greater exposure of particles (total dust) when compared 
to cyclists (Rank et al., 2001). Elen et al. (2013) have designed a special bicycle, Aeroflex, 
equipped with compact air quality measurement devices to monitor UFP number counts, 
particulate mass, and black carbon concentrations in Belgium. 
Within Belgium, there is strong encouragement from the government to increase the use 
of bicycles. For example, a bicycle highway network consisting of 400 km routes, called 
“FietsGEN” will be constructed in cities surrounding the capital, Brussels, to increase the 
use of bicycles for traveling distances up to 15 km. Also, in the region of Flanders a bicycle 
network is constructed (so-called BFF) and in the province East Flanders, the Long 
Distance Bicycle network (so-called LAF) will provide cycle lanes along canals, rivers and 
(old) train tracks. The city of Ghent (around 24,8000 inhabitants in 2012; the province of 
East Flanders, Belgium), where the sampling was conducted, can be considered a bicycle 
city. 
The key objective of Chapter 4 is to collect new data on the pollutant levels to which 
cyclists are exposed and how these levels relate to those experienced by commuters using 
other transportation means. Therefore, three transportation modes including tram, car 
and bicycle are studied, and concentration levels of 84 VOCs (belonging to (cyclo)-alkanes, 
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aromatic hydrocarbons, oxygen containing hydrocarbons, terpenes, and halogenated 
compounds) are measured along a fixed route in Ghent, Belgium.  
To make a direct comparison possible among the modes of transportation, sampling was 
conducted simultaneously from the same starting point to the same finishing point (fixed 
route). This strategy allows for sampling under identical atmospheric and traffic 
conditions. 
Extra data is also obtained from a fixed site located on the fixed route to support the 
comparison. 
4.2 Experimental 
4.2.1 Chemicals 
Target compounds were purchased as the EPA 502/524.2 VOCs mix (200 μg/ml in 
methanol) from Sigma–Aldrich (Bornem, Belgium), or as individual LC–MS grade VOCs 
having a purity of at least 99.8% at Sigma–Aldrich (Bornem, Belgium) or Acros Organics 
(Geel, Belgium).  
The individual compounds were then volumetrically taken by a micropipette and 
dissolved and further diluted in methanol (LC–MS grade, 99.95%, Biosolve, Valkenswaard, 
The Netherlands) to obtain the final concentrations of ±50 μg/ml for each target 
compound.  
The solutions were then used to calibrate the mass spectrometer. The target compounds 
consist of 84 compounds belonging to 5 different groups of organic compounds ((cyclo)-
alkanes, aromatic compounds, oxygenated compounds, halogenated compounds and 
terpenes) and are listed in Table 20. 
[2H8] Toluene (Tol-d8; 99.5 + atom%D; Acros Organics, Geel, Belgium) was used as IS. Clean 
and dry nitrogen and helium gases ([H2O] <3.0 ppmv; [O2] <2.0 ppmv; [CxHy] <0.5 ppmv) were 
provided by Air Liquide (Luik, Belgium). 
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Table 20. An overview of the 84 target VOCs. Compounds set in bold are new target VOCs compared with Chapter 3 (see Table 16). 
(Cyclo)-alkanes 
(12 VOCs) 
Aromatic compounds 
 (18 VOCs) 
Oxygenated compound 
(11 VOCs) 
Halogenated compounds  
(39 VOCs) 
Terpenes  
(4 VOCs) 
2-Methylpentane  
3-Methylpentan  
Hexane  
Cyclohexane 
2,2,4-Trimethylpentane 
Methylcyclopentane  
Heptane  
Octane  
Nonane   
Decane  
Undecane 
Dodecane 
Benzene 
Toluene 
Ethylbenzene 
o-Xylene 
m-Xylene  
p-Xylene 
Benzaldehyde   
Styrene 
Isopropylbenzene 
n-Butylbenzene 
sec-Butylbenzene 
tert-Butylbenzene  
p-Isopropyltoluene 
n-Propylbenzene 
1,2,4-Trimethylbenzene  
1,3,5-Trimethylbenzene  
1,3,5-Triisopropylbenzene  
Naphthalene 
1-Butanol  
2-Butanone  
2-Ethyl-1-hexanol  
2-Hexanone  
2-Methyl-1-propanol  
Ethyl acetate  
Heptanal  
Hexanal  
Methyl benzoate 
n-Propyl acetate  
Tertiary butyl methyl 
ether 
Chlorobenzene; Bromobenzene;  
2-Chlorotoluene; 4-Chlorotoluene; 
Bromochloromethane (Halon 1011); 
1,2-Dibromoethane; Dibromomethane;  
1,1-Dichloroethane; 1,2-Dichloroethane; 
1,1-Dichloroethylene; cis-1,2-Dichloroethylene;  
trans-1,2-Dichloroethylene; Dichloromethane;  
1,2-Dichloropropane; 1,3-Dichloropropane; 
2,2-Dichloropropane; 1,1-Dichloro-1-propene;  
cis-1,3-Dichloropropene; trans-1,3-Dichloropropene; 
1,2-Dichlorobenzene; 1,3-Dichlorobenzene;  
1,4-Dichlorobenzene;  
Bromodichloromethane (Halon 1021); 
Chloroform; 1,2,3-Trichlorobenzene; 
1,1,1-Trichloroethane; 1,1,2-Trichloroethane; 
Trichloroethylene; 1,2,4, Trichlorobenzene; 
Dibromochloromethane;  
1,2-Dibromo-3-chloropropane; 
Trichlorofluoromethane; 1,2,3-Trichloropropane; 
Tetrachloromethane (Freon 10); 
Dichlorodifluoromethane (Freon 12); 
1,1,1,2-Tetrachloroethane; 
1,1,2,2-Tetrachloroethane, Tetrachloroethylene;  
Hexachloro-1,3-butadiene 
α-Pinene  
β-Pinene 
Limonene 
Linalool 
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4.2.2 Sampling 
To assess the exposure to 84 VOCs among commuters using the tram, bicycle, and vehicle, 
a route is selected within the city of Ghent, Belgium. The chosen route is from the 
Southern part of the city (Flanders Expo located in the suburb of Sint-Denijs) towards the 
North (Brielken located in the suburb of Evergem). The sampling started simultaneously 
for the three transportation modes at the location of Flanders Expo. Measurements are 
taken on three days (on 16, 20, and 28 February 2013) and four times a day (8:00–9:00), 
(12:00–13:00), (16:00–17:00), and (20:00–21:00). Six different sections have been 
distinguished within the route as shown in Figure 16 and Appendix Table A7.  
Each time a commuter travels from one section to the next, a new sample is taken (6 
samples are taken per route and mode of transport). This procedure should allow for a 
fair comparison among the different sections of the road and the various modes of 
transport for a particular section. The total number of samples regarding three 
transportation modes is 216 (3 days × 4 times/day × 6 sections × 3 modes of transport).  
Samples are taken in the breathing zone of the commuters. The same vehicle (Honda 
Accord, gasoline-powered, year manufactured: 2012) is used, and the tram is of the 
Hermelijn-type (Bombardier Transportation, Siemens). An overview of the 
measurements is given in Appendix Table A7 including information on the section 
characteristics, distance (km), speed (km/h) and temperature (°C). An average velocity is 
given for the different transportation modes together with an average temperature 
which is measured by means of an ACR smart button (Eucan, Geldrop, The Netherlands). 
At the fixed site (situated in Section S2) along the fixed route, VOCs concentrations are 
measured from 8 am to 8 pm in 30-min intervals (N = 24). This site is situated on the cross 
point of the city ring (Charles de Kerckhovelaan) and the road (Kortrijksesteenweg) 
towards the historical city center and can be considered as congested traffic site. 
All samples are taken by active sampling using Markes stainless steel sorbent tubes (3.5 
inches long, 0.25 inch O.D., 4 mm I.D) filled with 200 mg Tenax TA (35/60 mesh) (Markes, 
Llantrisant, United Kingdom). Four GilAir3 (Sensidyne, Fl, USA) pumps are calibrated 
before the sampling campaign (relative standard deviations less than 4%) by a Gilibrator-
2 (Sensdine, St Petersburg, FL, USA) liquid film meter and the average flow is used for 
calculations (±100 ml/min). The total exposure time (i.e. 3 days × 4 times/day× 6 sections) 
for each transportation mode amounts 771, 590, 542 min for bike, care, tram, respectively 
(see further Appendix Table A7). 
Therefore, the safe sampling volumes of the target VOCs are well controlled as 
documented earlier (Do et al., 2013). Blank samples are closed at both ends with 0.25-inch 
brass long term storage caps and served as a control. 
92 
 
 
 
 
Figure 16. Overview of the sampling route with the specification of the different landmarks (Landmark: 1. Flanders Expo, 2. Sint-Pietersstation, 
3. Korte Meer, 4. Rabotstraat, 5, Van Beverenplein, 6. Hoevestraat, and 7. Evergem Brielken) and sections (Section S1: 1–2; Section S2: 2–3; Section 
S3: 3–4; Section S4: 4–5; Section S5: 5–6; Section S6: 6–7). The different colors denote the different modes of transportation (Red line = Car, Green 
line = Tram, Blue line = Bike). (Google maps, 2013). 
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4.2.3 Analysis  
IS calibration is utilized for VOCs quantification by the methodology described earlier 
(Demeestere et al., 2008). Before each analytical run, the TD-GC-MS is calibrated and the 
relative sample response factor (RSRF: response factor of the compound (peak area/ng 
loaded on the tube) divided by the response factor of the IS), is calculated (N = 2) for each 
VOC. The sample preparation and TD-GC-MS analysis are performed in the same way as 
described in Chapter 3. An overview of the calculation methodology used to determine 
concentrations is schematically represented in Chapter 2 (see Figure 7). 
4.2.4 Statistical analysis 
The statistical software package IBM SPSS (Version 22) is utilized to examine statistical 
differences on exposure concentration levels among the three transportation modes. 
One-way ANOVA is used when the necessary condition of equality of variances has been 
satisfied. The equality of variances is achieved by logarithmic transformation of 
concentration levels. When the problem of inequality of variances was not solved by the 
logarithmic transformation, the Kruskal-Wallis rank sum test is then applied. If there is a 
significant difference (p < 0.05) between at least two of the population means (in case of 
ANOVA) or medians (in case of Kruskal-Wallis), pair-wise comparisons are further 
performed. 
4.3 Results and discussion 
4.3.1 Concentrations in different transportation modes 
Concentration levels of 84 VOCs are compared among the three transportation modes. 
The studied route (14 km) was subdivided into the six sections (lengths vary from 1.6 to 
3.6 km per section), on which the concentrations of the 84 target VOCs are measured. An 
overview of the observed concentration levels (N = 72) is given in Table 21, and they are 
expressed as 25th (P25), 50th (P50) and 75th (P75) percentile values (μg/m³). From the 84 
target compounds, 33 VOCs (of which 27 VOCs belong to the group of the halogenated 
compounds) are not detected (S/N < 3) in any sample. For clarity reasons, only compounds 
for which detection frequency is higher than 40% are given in Table 21. 
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The median TVOCs for the tram mode (P25: 27 μg/m³, P50: 33 μg/m³; P75: 42 μg/m3) are 
1.7 times higher when compared to the bicycle mode (P25: 16 μg/m³, P50: 20 μg/m³, P75: 
26 μg/m3) and 1.5 times higher when compared to the car mode (P25: 19 μg/m³, P50: 22 
μg/m³, P75: 32 μg/m3). The group of (cyclo)-alkanes, aromatic hydrocarbons, oxygenated 
compounds, terpenes, and halogenated compounds represent 8–19, 41–57, 12–21, 9–23, 2–
4% (expressed as P25–P75 range) of the TVOCs concentration in the tram. Whereas in the 
car and bicycle, the contributions are 9–12, 59–74, 11–22, 2–4, 3–4% and 9–14, 58–72, 9–23, 
1–4, 3–5% for the (cyclo)-alkanes, aromatic hydrocarbons, oxygen containing compounds, 
terpenes, and halogenated compounds, respectively. 
The high contribution of terpenes to the TVOCs in the tram is due to the high limonene 
concentrations up to 480 μg/m3 (P25: 1.6 μg/m³; P50: 2.3 μg/m³; P75: 6.6 μg/m³). Limonene 
is widely used in air freshening sprays, alcohol hand-wash gel, and cleaning products for 
its citrus odor, and is often responsible for the high concentration observed in indoor 
environments (Walgraeve et al., 2011 and Do et al., 2013). The aromatic hydrocarbon 
group is the most prominent group of VOCs. Of this group, toluene is the most dominant 
VOC contributing 27–32% (P25–P75), 31–41% and 28–37% to the TVOCs in the tram, car, 
and bicycle, respectively. 
The restricted use and production of halogenated compounds as regulated by the 
Montreal Protocol and subsequent Amendments and EU solvent directives (1999/13/EC) 
may explain the minor contribution of halogenated compounds to the TVOCs at all 
sampling sections in all modes of transportation (P75 of the sum of the halogenated 
compounds is less than 1.1 μg/m³). 
In Flanders, air quality guidelines for indoor environments exist and specify guideline 
values – although not specifically for micro-environment such as trams and cars – for a 
specific group of VOCs. Benzene deserves particular attention in this context. When 
comparing the concentration found in trams and cars to the Flemish indoor air quality 
guidelines, it is concluded that the guideline for benzene (2.0 μg/m³) is exceeded in 57% 
of the samples in the tram (maximum concentration: 4.4 μg/m³ in Section 6 of the studied 
route) and in 69% of the samples in the car (max concentration: 8 μg/m³ in Section 3). As 
regulated by the Belgian law of 22 December 2009 (Legislation, 2009), smoking, one of the 
sources of benzene emission, is prohibited in all accessible public places, including public 
trams (Legislation, 2009). Also, as smoking activities never took place in the car used for 
this study, traffic is probably the largest source of benzene emission. These concentration 
data illustrate that next to the measurement of VOCs in private premises and workplace 
environments (offices, shops), the measurement of VOCs in indoor micro-environment 
like trams and cars is relevant to assess the exposure of the human population. The 
guideline values for trichloroethylene (≤200 μg/m³), tetrachloroethylene (≤100 μg/m³), 
toluene (≤260 μg/m³), and aldehydes (without formaldehyde and acetaldehyde, ≤20 
μg/m³) has never been exceeded in the tram and car samples. The Flemish indoor 
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guideline for TVOCs (≤200 μg/m³) is exceeded in two samples from the tram and was 
caused by the high concentration of limonene (Binnenmilieubesluit, 2004). 
In order to assess the correlation between aromatic hydrocarbons, Pearson correlation 
coefficients (r) are calculated and given in Table 22. In all transportation modes, there is 
a high (r > 0.6) degree of correlation (significant at 0.01 level (2-tailed)) between BTEX 
compounds, isopropyl benzene, n-propylbenzene, 1,3,5-trimethylbenzene, and 1,2,4-
trimethylbenzene (Aromatic 1 group). Pearson correlation coefficients between those 
aromatic compounds in car and bicycle modes are higher in nearly all pair-wise 
associations when compared to the tram mode. This result suggests that aromatic 
hydrocarbons originate from the same source in bicycle and car mode, but different 
sources might be responsible for the emission of these aromatic hydrocarbons in the tram 
mode. 
 Next to the emission from traffic – the tram drives along the road – there could be a 
significant release of aromatic hydrocarbons from the tram furniture. The air exchange 
rate between indoor and outdoor air is different for the three transportation modes. The 
car mode can be considered a closed environment whereas the tram is half-open given 
the scheduled and repeated openings of doors at tram stops. The bicycle is an entirely 
open system. It is also observed that tram stops are frequently situated next to and close 
to traffic lights where car speeds are lower in general. Low speed driving (benzene: 47 
mg/km at 15 km/h) emits relatively more VOCs than high speed driving (benzene: 0.2 
mg/km at 115 km/h) (Buczynska et al., 2009).  
Within the Aromatic 1 group, correlations between the compounds and benzene are 
lower (<0.6) for the bicycle and tram mode. One of the possible explainations is that 
benzene is almost solely emitted from traffic, whereas the other compounds are emitted 
from both traffic and industrial activities. 
Much weaker correlations are observed between naphthalene, styrene, benzaldehyde, 
and the VOCs of Aromatic 1 group, for the three transportation modes. This fact indicates 
that naphthalene, styrene, and benzaldehyde originate from other sources than the 
Aromatic 1 group. For example, styrene is widely used in polymers used for tires, backing 
material of carpets, and insulating materials. The correlation coefficients for styrene 
between the transportation modes are high and are an indication that this compound is 
emitted from the same source [r tram-bicycle: 0.690*; r tram-car: 0.689*; r bicycle-car: 
0.871*; *. correlation is significant at 0.01 level (2-tailed)]. Benzaldehyde is used as a 
fragrance compound in perfumes and detergents but is also formed in the atmosphere as 
a product of the photochemical degradation of toluene and styrene. Naphthalene is 
released by traffic emissions but has a smaller vapor pressure than the other target 
compounds. These facts might explain their smaller Pearson correlation coefficients. 
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Table 21. VOCs concentrations (μg/m3) of the three modes of transportation (DF: detected frequency; P: percentile).  
Transportation Car Bike Tram 
 DF (%) P25 P50 P75 DF(%) P25 P50 P75 DF(%) P25 P50 P75 
(Cyclo)-alkanes             
Cyclohexane 100 0.2 0.3 0.4 100 0.2 0.3 0.4 100 0.3 0.4 0.6 
Methylcyclopentane 100 0.2 0.3 0.6 100 0.3 0.4 0.6 100 0.2 0.4 0.6 
Heptane 100 0.3 0.3 0.5 100 0.3 0.3 0.5 100 0.3 0.5 0.8 
Octane 96 0.2 0.3 0.5 100 0.2 0.3 0.4 97 0.3 0.4 0.7 
Nonane 51 0.2 0.5 1.1 86 0.1 0.2 0.4 57 0.1 0.3 1.0 
Decane 97 0.1 0.2 0.3 100 0.2 0.2 0.3 100 0.3 0.5 0.7 
Undecane 97 0.1 0.1 0.2 100 0.1 0.1 0.2 100 0.4 0.7 1.2 
Dodecane 100 0.1 0.1 0.2 100 0.0 0.1 0.1 100 0.3 0.6 1.1 
∑ (cyclo)-alkanes 100 1.5 2.1 3.1 100 1.6 2.2 3.3 100 2.2 4.0 6.3 
Aromatic compounds             
Benzene 100 1.8 2.7 3.3 100 1.8 2.4 3.0 100 1.6 2.2 2.7 
Toluene 100 3.8 5.4 8.3 100 3.0 4.5 6.2 100 3.5 4.8 6.3 
Ethylbenzene 100 0.5 0.7 0.9 100 0.4 0.5 0.6 100 0.6 0.8 1.0 
m,p-Xylenes 100 1.4 1.9 2.5 100 1.1 1.4 1.7 100 2.0 2.5 3.4 
Styrene 100 0.2 0.3 0.6 100 0.2 0.3 0.5 100 0.3 0.4 0.7 
o-Xylene 100 0.5 0.7 0.9 100 0.4 0.5 0.6 100 0.7 0.9 1.1 
Isopropylbenzene 100 0.0 0.0 0.1 96 0.0 0.0 0.0 100 0.0 0.0 0.0 
Benzaldehyde 100 1.1 1.4 1.8 100 1.7 1.9 2.5 100 1.3 1.6 2.2 
Propylbenzene 100 0.1 0.2 0.2 100 0.1 0.1 0.2 100 0.1 0.1 0.2 
1,3,5-Trimethylbenzene 100 0.2 0.3 0.4 100 0.1 0.2 0.3 100 0.2 0.2 0.3 
1,2,4-Trimethylbenzene 100 0.9 1.2 1.7 100 0.5 0.8 1.2 100 0.7 0.9 1.4 
p-Isopropyltoluene 100 0.1 0.1 0.1 100 0.0 0.1 0.1 100 0.1 0.2 0.2 
Naphtalene 99 0.2 0.2 0.3 79 0.1 0.1 0.2 83 0.1 0.2 0.3 
∑ Aromatic compounds 100 11.8 15.6 21.0 100 9.5 12.5 18.4 100 12.4 15.7 19.1 
Oxygenated compounds             
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2-Butanone 100 0.4 0.5 0.6 100 0.4 0.5 0.7 100 0.6 0.8 0.9 
Ethyl acetate 97 0.7 1.5 2.4 97 1.1 1.6 2.5 100 1.6 2.4 3.8 
Hexanal 58 1.0 2.0 3.1 68 0.3 0.6 0.9 83 2.1 3.2 4.3 
2-Ethyl-1-hexanol 88 0.2 0.3 0.4 90 0.1 0.2 0.5 100 0.4 0.5 0.6 
Methylbenzoate 83 0.0 0.1 0.1 54 0.0 0.0 0.0 69 0.0 0.0 0.0 
∑ Oxygenated compounds 100 2.5 3.2 5.0 100 1.7 2.9 4.8 100 3.5 5.3 7.6 
Terpenes             
α-Pinene 100 0.1 0.2 0.6 100 0.1 0.2 0.5 100 0.3 0.5 0.9 
β -Pinene 100 0.0 0.0 0.1 88 0.0 0.0 0.1 99 0.1 0.2 0.3 
Limonene 100 0.2 0.3 0.5 100 0.1 0.1 0.3 100 1.6 2.3 6.6 
Linalool 97 0.1 0.1 0.1 51 0.0 0.1 0.1 99 0.3 0.5 0.7 
∑ Terpenes 100 0.4 0.6 1.2 100 0.2 0.4 0.8 100 2.7 4.0 7.3 
Halogenated compounds             
Chloroform 89 0.1 0.2 0.3 100 0.1 0.2 0.3 96 0.1 0.2 0.4 
1,2-Dichloroethane 100 0.1 0.1 0.1 100 0.1 0.1 0.1 100 0.1 0.1 0.1 
Tetrachloromethane 100 0.4 0.4 0.4 100 0.4 0.5 0.5 100 0.4 0.5 0.5 
Tetrachloroethylene 100 0.0 0.0 0.1 100 0.0 0.0 0.1 100 0.0 0.1 0.1 
Chlorobenzene 100 0.0 0.0 0.0 100 0.0 0.0 0.0 100 0.0 0.0 0.0 
∑ Halogenated compounds 100 0.6 0.7 0.9 100 0.7 0.8 0.9 100 0.8 0.9 1.1 
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Table 22. Pearson correlation coefficients (r) between aromatic compounds for car, bike, and tram, respectively.  
 B T E X1 X2 PB1 PB2 TB1 TB2 NT ST BZ 
B 
1; 1; 
1 
0.7*; 0.8*; 
0.5* 
0.7*; 0.6*; 
0.6* 
0.7*; 
0.5*; 0.4* 
0.7*; 0.5*; 
0.3* 
0.8*; 0.6*; 
0.5* 
0.7*; 0.7*; 
0.6* 
0.7*; 0.7*; 
 0.5 
0.7*; 0.8*; 
 0.6* 
0.8*; 0.9*; 
 0.6 
0.3*; 0.5*; 
 0.2 
0.3*; 0.4*; 
 0.1 
T  
1; 1; 
 1 
0.8*; 0.8*; 
0.6* 
0.7*; 
0.7*; 0.6* 
0.7*; 0.7*; 
0.5* 
0.7*; 0.7*; 
0.5* 
0.8*; 0.8*; 
0.6* 
0.8*; 0.8*; 
0.6* 
0.7*; 0.9*;  
0.5* 
0.5*; 0.7*; 
 0.3 
0.5*; 0.5*;  
0.4* 
0.1; 0.2;  
0.2 
E   
1; 1; 
 1 
1.0*; 
1.0*; 0.9* 
1.0*; 1.0*; 
0.9* 
0.9*; 0.9*; 
0.7* 
0.9*; 0.9*; 
0.8* 
0.8*; 0.9*; 
0.7* 
0.8*; 0.8*;  
0.7* 
0.6*; 0.3; 
 0.2 
0.4*; 0.3;  
0.1 
0.1; 0.2;  
0.3 
X1    
1; 1;  
1 
1.0*; 1.0*; 
0.9* 
0.9*; 0.9*; 
0.8* 
0.8*; 0.9*; 
0.8* 
0.8*; 0.9*; 
0.7* 
0.8*; 0.8*;  
0.6* 
0.6*; 0.3; 
 0.1 
0.3; 0.3;  
0.2 
0.1; 0.2; 
 0.2 
X2     
1; 1; 
 1 
0.9*; 0.9*; 
0.7* 
0.8*; 0.9*; 
0.8* 
0.8*; 0.9*; 
0.7* 
0.8*; 0.8*;  
0.6* 
0.6*; 0.3; 
 0.1 
0.3*; 0.3; 
 0.1 
0.0; 0.2;  
0.3 
PB1      
1; 1;  
1 
0.9*; 0.9*; 
0.9* 
0.9*; 0.9*; 
0.9* 
0.9*; 0.8*; 
 0.8* 
0.7*; 0.4*;  
0.4* 
0.3; 0.2;  
0.1 
0.2; 0.3; 
 0.2 
PB2       
1; 1;  
1 
1.0*; 1.0*; 
1.0* 
1.0*; 0.9*; 
 0.9* 
0.7*; 0.5*; 
 0.4* 
0.4*; 0.3;  
0.0 
0.1; 0.2;  
0.2 
TB1        
1; 1;  
1 
1.0*; 1.0*; 
 1.0* 
0.7*; 0.5*; 
 0.4* 
0.3; 0.3;  
0.1 
0.1; 0.2; 
 0.1 
TB2         
1; 1; 
 1 
0.8*; 0.6*; 
 0.5* 
0.3; 0.3*; 
 0.0 
0.1; 0.3;  
0.1 
NT          
1; 1; 
1 
0.3*; 0.4*;  
0.0 
0.5*; 0.3;  
0.2 
ST           
1; 1; 
 1 
0.1; 0.2; 
 0.1 
BZ            
1; 1; 
 1 
B: Benzene; T: Toluene; E: Ethylbenzene; X1: o-Xylene; X2: m,p-Xylenes; PB1: iso-Propylbenzene; PB2: n-Propylbenzene, TB1: 1,3,5-Trimethylbenzene; TB2: 1,2,4-
Trimethylbenzene; NT: Naphthalene; ST: Styrene; BZ: Benzaldehyde); *Correlation is significant at 0.01 level (2-tailed).
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4.3.2  Concentrations along the different sections  
The results described in Section 4.3.1 have indicated that the group of aromatic 
compounds contributed the most towards the TVOCs. The BTEX are ubiquitous and are 
present in relatively high concentration accounting for around 37–50% of the TVOCs in 
the three modes of transportation in this study.  
As discussed in the previous Chapters, the IARC has classified benzene and ethylbenzene 
to Group 1 (carcinogenic to humans) and Group 2B (possibly carcinogenic to humans), 
respectively. Because of their importance both in terms of abundance and 
carcinogenicity, the group of BTEX are discussed in more detail in the following sections. 
The route consists of six sections (see Figure 16), which are individually sampled, to 
investigate the differences in VOCs concentration levels between downtown, urban, and 
suburban regions. In this regard, Figure 17 shows boxes of the concentration of ∑BTEX 
group, toluene and benzene for the different sections concerning the three 
transportation modes.  
When taking the first section as a reference location, it has been found that the median 
concentration levels of ∑BTEX for the bicycle are 1.1, 1.2, 1.4, 1.3 and 0.9 higher in section 
2, 3, 4, 5 and 6 respectively. For the car mode, the ∑BTEX concentration levels are 1.1, 1.1, 
1.2, 0.9 and 0.8 higher when compared to Section 1. However, for the tram mode, the 
∑BTEX concentrations are relatively constant across all the sections and are exemplified 
by the ratio being 0.9, 1.1, 0.9, 1.0 and 1.1 for section 2, 3, 4, 5 and 6 respectively. The 
higher concentrations observed in Section 4 for the car and bicycle are possibly caused 
by traffic congestion in Section 4 because the route crosses a major road with heavy traffic 
and thus slow driving speed. The existence of three traffic lights within a short distance 
might also be a reason for these lower driving speeds. 
 
4.3.3 Time profile at fixed site and temporal variation along 
fixed route 
The VOCs profile at the fixed site is given for the TVOCs, ∑BTEX, toluene, and benzene in 
Figure 18. This fixed site serves as a reference location and is situated along the fixed 
route (Section 2, cross point with the city ring). It can be seen from the time profile that 
the highest ∑BTEX concentrations are found at 3.30 pm (21.1 μg/m³) and 5.30 pm (23.7 
μg/m³). This might be explained in term of the increased traffic caused by the the end of 
a working day at round 5–6 pm. The benzene concentration varied between 1.5 and 2.9 
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μg/m³ at the cross point but does not exceed the European guideline value of 5 μg/m³. 
However, it should be noted that the guideline is based on yearly averaged 
concentrations. Diagnostic ratios, such as the widely used benzene-to-toluene ratio, are 
often used in literature to assign VOCs pollution sources. From the measured data, it is 
clear that the B/T value varies between 0.35 and 0.83 in the congested traffic location. 
The observed range corresponds well with existing research literature. For example, 
Miller et al. (2012) have indicated that B/T values between 0.25 and 0.67 are characteristic 
of urban areas impacted by mobile sources. The median B/T values observed in the 
different transportation modes are 0.5 (P25: 0.4; P75: 0.6), 0.5 (P25: 0.4; P75: 0.6), and 0.6 
(P25: 0.5; P75: 0.7) for the car, tram, and bicycle (N = 72), respectively. These values 
together with the high Pearson correlation coefficients observed between the aromatic 
hydrocarbons is another indication that these compounds are mainly emitted from 
traffic. 
The time variation in VOCs concentrations along the route and between the different 
modes of transport are given in Figure 19. The concentration levels for the ∑BTEX are 
presented relative to the concentration of the ∑BTEX observed at 8 AM. A ratio higher 
than unit is indicative of a higher concentration at a certain time when compared to the 
one measured at 8 AM. Overall, it can be seen that the highest ∑BTEX concentration in 
the car mode is observed at 4 pm. Seventy-eight percent of the ∑BTEX concentrations are 
higher (up to 1.9 times) than the 8 AM concentration. This is in agreement with the trend 
observed at the fixed location. 
However, for the bicycle and tram the ∑BTEX concentrations were up to a factor of 1.7–
1.8 higher at 8 pm in respectively 72 and 83% of the observations when compared to the 
reference time. For the tram, the median ratio increases gradually over time and might 
be explained by the gradual release of BTEX compounds from interior 
materials/furniture, since the tram is constantly heated given the low temperatures 
outside during the measurements. 
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Figure 17. Concentrations of ∑BTEX, toluene and benzene (μg/m3) observed in the different sections of the route. The box plots shown 
represent the 25, 50 (median) and 75 percentiles. Whiskers are representing the 10th and 90th percentiles. A: Bike; B: Car; C: Tram.
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Figure 18. (A) Concentration profiles of TVOCs, ∑BTEX, toluene and benzene (μg/m3) at the fixed measuring site; (B) Benzene to 
toluene diagnostic ratio variation during the day. The lines give the average concentration in the respective time frame (N = 24).
  
103 
 
 
 
 
 
 
 
 
 
 
Figure 19. Concentration ratios of ∑BTEX at different times over the day relative to ∑BTEX observed at 8 AM. The box plots shown 
represent the 25, 50 (median) and 75 percentiles. Whiskers are representing the 10th and 90th percentiles. A: Bike; B: Car; C: Tram. 
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Figure 20. Section (SC) and time weighted average (TWA) concentration levels (μg/m3) of TVOCs, (cyclo)-alkanes, aromatic compounds, 
oxygenated compounds, terpenes and halogenated compounds. The box plots shown represent the 25, 50 (median) and 75 percentiles. 
Whiskers are representing the 10th and 90th percentiles. A: Bike; B: Car; C: Tram. 
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4.3.4 Exposure to commuters along fixed route: concentration, 
exposure and inhalation dose 
Concentration levels observed while using a specific mode of transport are discussed in the 
previous section. In this section, a comparison is made among the transportation modes 
when a fixed route is followed. Two essential items are worth to be considered in this regard. 
First, the time spent in the different sections of the road is not the same and secondly, the 
concentrations vary among the various sections as discussed in Section 3.2. 
Therefore, the TWA (i.e. time weighted average) concentration is defined as the sum of the 
products of the concentration Cn in a certain section n and the time spent in this section (tn) 
considering all the sections of our route (six in our case), divided by the sum of the time 
expended in the sections. The basic equation is presented in Equation 5. 
 𝑇𝑊𝐴 =
∑ (𝐶𝑛∗𝑡𝑛)
𝑛=6
𝑛=1
∑ 𝑡𝑛
𝑛=6
𝑛=1
    (Eq. 5) 
In Figure 20, the TWA concentrations for the TVOCs and the five groups (as defined in Section 
4.2.1) are represented as boxes (N = 12) for the three transportation modes. The boxes 
obtained with the data of the individual sections – i.e. by not taking into account the selected 
route − are also given and further denoted as section concentrations (SC) (N = 72). Figure 20 
reveals that SC and TWA concentrations vary, indicating variations of concentration between 
the different sections of the route and between the times when the route is monitored, 
respectively. However, TWA concentrations show much less variation compared to the SC 
concentrations. This is demonstrated by the interquartile range (IQR; P75–P25) of the SC, 
which is depending on the transportation mode, 1–1.2, 1–1.3, 1–2.4, 1–1.6, 1–1.7 times higher 
than IQR of the TWA concentrations for the TVOCs, (cyclo)-alkanes, aromatic hydrocarbons, 
and oxygen containing compounds, respectively. So, elevated levels observed in a certain 
section are averaged over the whole route. However, the terpene group shows an SC IQR to 
TWA IQR ratio of 0.6, 0.8 and 1.1 for bicycle, tram, and car respectively. These ratios lower 
than one are caused by the high limonene concentrations observed over the whole route. 
Differences between the transportation modes for the different compound groups are 
statistically tested and presented in Table 23. The same differences are obtained for either 
the SC or the TWA concentrations. The median TWA concentration of the group of the TVOCs, 
(cyclo)-alkanes, oxygenated compounds, halogenated compounds and terpenes in the tram 
were 1.3, 1.7, 1.2, 1.2, 6.7 times, respectively, higher than those observed in the car and 1.6, 
1.4, 1.3, 1.1, 7.9 times higher when compared to the bicycle (tram > car = bicycle). This result 
is in contrast to the group of aromatic hydrocarbons where the median TWA concentration 
in the tram and car was a factor 1.1 and 1.2 times, respectively, higher than the bicycle (tram 
= car > bicycle). The outcome of the pairwise comparisons from those statistical tests will be 
futher discussed when airborne VOCs are put in a larger context in Chapter 6. 
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Table 23. Comparison between the three modes of transport for both section 
concentrations (SC) and time weighted average concentrations (TWA). 
 Test Pairwise comparisons 
(Cyclo-) alkanes (SC) ANOVA a; b* (tram>car); c* (tram>bike) 
(Cyclo-) alkanes (TWA) Kruskal-Walis a; b* (tram>car); c* (tram>bike) 
Aromatic compounds (SC) Kruskal-Walis a*(car>bike); b; c* (tram>bike) 
Aromatic compounds (TWA) Kruskal-Walis a*(car>bike); b; c* (tram>bike) 
Oxygenated compounds (SC) Kruskal-Walis a; b*(tram>car); c* (tram>bike)  
Oxygenated compounds (TWA) Kruskal-Walis a; b*(tram>car); c* (tram>bike) 
Terpenes (SC) Kruskal-Walis a; b*(tram>car); c* (tram>bike)  
Terpenes (TWA) Kruskal-Walis a; b* (tram>car); c* (tram>bike) 
Halogenated compounds (SC) ANOVA a; b*(tram>car); c* (tram>bike) 
Halogenated compounds (TWA) Kruskal-Walis a; b*(tram>car); c* (tram>bike) 
TVOCs (SC) ANOVA a; b*(tram>car); c* (tram>bike)  
TVOCs (TWA) ANOVA a; b*(tram>car); c* (tram>bike) 
a: car-bike; b: tram-car; c: bike-tram; * the difference is significant at the 0.05 level; ANOVA tests were 
performed based on the logarithms of the original concentration data. 
Next to the comparison of concentration levels among the three different modes (i.e. SC 
versus TWA), a comparison of inhalation dose should be considered. The inhalation dose 
(ID in μg), defined as the mass of compound inhaled, is calculated as the product of the 
concentration (C in μg/m³), exposure time (ET in min) and inhalation rate (IR in m³/min). 
In this situation, ID can be calculated providing that IR values are known. 
Clearly, IR is dependent on the level of physical endeavor and is estimated using the 
metabolic activity values (MET) available in the Compendium of Physical Activities 
(Compendium, 2011). Metabolic equivalents of 1.3, 1.3 and 6.8 are used for the activity 
level that corresponds with sitting on a tram/bus, car driving and cycling respectively. 
The inhalation rate for each transportation mode is calculated, for people in the age 
category 21–31 years, and the average value from both sexes is used for the calculation. 
The calculation is based on the United States Environmental Protection Agency 
guidelines (US-EPA, 2009a). For a commuter on a bicycle, the IR is the highest (26.1 L/min), 
whereas the IR for the car driver and tram commuter is 5.6 times lower (4.7 L/min). 
In Table 24, the ID for benzene, toluene and ∑BTEX are expressed by route and by a period 
of 1 h of traveling. When the inhaled dose over the traveled route is considered, the cyclist 
experienced the highest inhaled mass for benzene 4.3 ± 1.5 μg when compared to the 
commuter using the tram (0.5 ± 0.2 μg) and car (0.6 ± 0.3 μg).  
The speed of traveling for the different modes of transport are not equal, however (tram: 
19 ± 2 km/h; car: 18 ± 2 km/h; bicycle: 13 ± 2 km/h) and therefore it is valuable to calculate 
the inhaled dose per time unit. For the BTEX, the inhaled dose amounts 15.9 ± 4.6 μg per 
hour of traveling by bicycle whereas for a commuter using tram and car this is 3.3 ± 0.8 
μg/h and 3.6 ± 1.3 μg/h respectively.  
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Benzene deserves particular attention as it is a well-established cause of human cancer. 
It is found that the cyclist inhales 4.0 ± 1.2 μg of benzene per hour of traveling, being 5 to 
7 times higher than compared to a commuter using tram and car, respectively. These 
results indicate that cyclists experience the main burden involving the inhalation of toxic 
air pollutants studied in our research, and therefore we firmly encourage the evaluation 
of cyclists in further research. 
 
Table 24. Arithmetic mean concentration (C), inhalation rate (IR), exposure time (ET), 
inhalation dose (ID), and ID ratio of benzene, toluene, and ∑BTEX for three modes of 
transportation (N = 72). 
C (µg/m³) 
Mean (SD) 
IRa 
(L/min) 
ET 
(min) 
IDb 
(µg) 
ID ratioc 
Total d  Tripe 1 hf Trip 1 h 
 Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Benzene        
Car  2.8 (1.18) 4.7 590 7.8 0.6 (0.33) 0.8 (0.28) 1.3 (0.39) 1.2 (0.19) 
Bike  2.6 (0.92) 26.1 771 51.5 4.3 (1.49) 4.0 (1.19) 9.2 (2.24) 6.4 (0.90) 
Tram  2.2 (0.71) 4.7 542 5.7 0.5 (0.15) 0.6 (0.18) 1.0 1.0 
Toluene        
Car  6.3 (3.23) 4.7 590 17.5 1.5 (0.67) 1.8 (0.76) 1.4 (0.39) 1.3 (0.33) 
Bike  4.8 (2.37) 26.1 771 97.7 8.1 (3.39) 7.4 (2.44) 8.0 (2.10) 5.6 (1.21) 
Tram  4.9 (1.72) 4.7 542 12.3 1.0 (0.32) 1.4 (0.41) 1.0 1.0 
BTEX        
Car  12.7 (5.69) 4.7 590 35.5 2.9 (1.33)  3.6 (1.28) 1.2 (0.39) 1.1 (0.26) 
Bike  10.2 (4.99) 26.1 771 207.1 17.3 (6.32) 15.9 (4.59) 7.0 (2.01) 4.9 (1.09) 
Tram  11.8 (3.36) 4.7 542 29.9 2.5 (0.67) 3.3 (0.82) 1.0 1.0 
a Inhalation rates (IR) are calculated using the methodology developed by the US-EPA (2011). IR values are 
unadjusted for body weight (males and females combined) and are calculated for the age category of 21–31 
years. Metabolic equivalent (MET) values equal to 1.3; 5.8 and 1.3 are used for car, bike, and tram users 
respectively. 
b The inhalation dose (ID) is calculated as the product of the inhalation rate (IR), the concentration (C), and 
the exposure time (ET). 
C The ratio is calculated by taking the tram mode as a reference. 
d Total dose for each mode of transportation (i.e. equal to 12 routes). 
e The inhalation dose is calculated per route (See Figure 16 and Appendix Table A7 ). 
f The inhalation dose is calculated per hour of traveling. 
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4.4 Conclusions 
This chapter deals with concentration levels of VOCs to which commuters are exposed. 
Three modes of transportation including tram, car and bicycle are evaluated in the city 
of Ghent, Belgium. At least four points deserve special attention. 
First, to the best of our knowledge, a study focusing on a diversity of 84 VOCs belonging 
to different chemical groups in those micro environments has not been described in the 
literature. 
Second, it has been suggested that the group of aromatic hydrocarbons (P75: tram (19.1 
μg/m³), car (21.0 μg/m³); and bicycle (18.4 μg/m³)) represent the major proportion (41–
72% of the TVOCs) of the volatile organic compounds for all transportation modes. 
Aromatic hydrocarbons are most often highly correlated (r > 0.6) with each other and 
together with the benzene to toluene diagnostic ratio (determined at a traffic site to be 
between 0.35 and 0.83), and it has been found that they are likely originating from the 
same source (traffic).  
Third, when a similar route is measured by the different modes of transport, median 
TVOCs are higher on the tram (1.6) and car (1.2) mode compared to the bicycle mode.  
Lastly, given the differences in physical activity when using the different transportation 
modes, the inhalation dose for benzene, toluene and BTEX are 9, 8 and 7 times higher on 
the bicycle compared to the tram mode when the same route was followed. 
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Chapter 5 Airborne VOCs in broader context 
5.1 Introduction 
Improving quality of life for humans is a driving force for many if not all scientific fields 
(Dekoninck, 2015). Air quality, some aspects of which we have already investigated in the 
previous chapters, is just part of the quality of life. Nevertheless, air quality on its own is 
still a broad topic for scientific research since (i) there are many types of contaminants 
involved, in general (Jacobson 2002, Pluschke 2004, Hester and Harrison 2009), and (ii) 
there are numerous individual airborne VOCs with different types of undesired effects 
encountered in environmental analysis, in particular (Koppmann 2007; Demeestere et al., 
2008; Sarigiannis et al., 2011; Shen et al., 2013; Cao and Orru, 2014; Van Huffel et al., 2016; 
Koplitz et al., 2017). More general information on air quality can be found in European 
standards and WHO guidelines (WHO, 2014; EEA 2015). 
Up until the previous chapter, this dissertation has just zoomed in on the airborne VOCs 
as the target compounds at both outdoor and indoor locations in urban and industrial air 
environments. Those airborne VOCs were measured between 2008 and 2014 by 25 
sampling campaigns across ten cities in the five studied countries (i.e. Belgium, Vietnam, 
the Philippines, Bangladesh, and Ethiopia) located in the three continents of Europe, Asia, 
and Africa. The measured concentrations of these micropollutants have been further 
interpreted using environmental and health indicators such as TVOCs, BTEX OFP, CCR, 
and ID.  
While the central purpose of Chapter 1 was to set the themes for our experimental work 
of Chapter 2 to 4, air quality is put in a broader context here within three main sections. 
First, air pollution and health effects regarding the measured airborne VOCs are discussed 
in detail. Second, the EDGAR database (introduced in Chapter 1) providing an estimation 
of a time-series of global man-made VOCs emissions is utilized to make comparisons 
among the five studied countries (EDGAR, 2016). Third, the types of fuel used in 
transportation are also considered to partly elucidate the difference in local air quality 
regarding VOCs emissions.  
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The goal of this chapter is mainly reached by (i) synthesizing related contents in the 
previous chapters and (ii) subjecting experimental work from the previous chapters to a 
higher level through comparisons with other relevant areas (e.g. noise pollution, EDGAR 
data). 
5.2 Health effects, national emissions, and types of fuel  
5.2.1 Air pollution and health effects 
There are two main purposes of this section. First is an overview of the current literature 
on air pollution and health effect assessment. Second, further VOCs discussions are 
presented based on three case studies from previous chapters.  
Scientific knowledge on the health effects of air pollution has undergone a significant 
transformation thanks to (i) better insights into biological action by pollutants on 
animals, human cells, (ii) clinical and population studies of health outcomes, and (iii) 
developments of new methodologies in statistical analysis (Hedley 2009). Figure 21 
describes the burden of diseases and the risk of future illnesses via a pyramid diagram in 
which individuals at the bottom experience the least serious burden, whiles those at the 
top experience the most severe effects such as hospitalization or death.  
Two key terms from this figure, i.e. mortality and morbidity expressing the health impacts 
of air pollution, should be further detailed. According to a recent air quality report in 
Europe (EEA, 2015), mortality reflects a reduction in life expectancy owing to premature 
death (PD) as a result of air pollution exposure. Rasoloharimahefa and Bouland (2013) 
summarized that the mortality indicator can be expressed as PD, avoidable deaths, 
attributed cases of death, additional mortality or death postponed. Although all 
indicators are of equal importance in certain conditions, PD is the most frequently used.  
Mathematically, PD is deaths that occur at a younger age than an expected age or a 
selected cut-off which is closely linked with standard life expectancy for a given country 
(EEA, 2015). For example, deaths among people aged less than 75 are considered 
premature in Australia. This cut-off age (i.e. 75) produces conservative estimates of PD 
since it is lower than the current median age at death (81 years) and life expectancy at 
birth (80 for males and 84 for females) according to the Australian Institute of Health and 
Welfare (AIHW, 2017). 
On the other hand, the morbidity indicator estimates the changes in new or existing 
diseases (e.g. respiratory diseases) in the target population. In this regard, morbidity cases 
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are commonly divided into two branches of incidence and prevalence. Incidence 
determines new cases of the disease in a given period, while prevalence describes the 
proportion of the population having a particular illness (Cao and Orru, 2014). 
 
 
Figure 21. The burden of ill health and the risk of future illness as a pyramid (adapted from Hedley 
2009). 
Ren and Tong (2008) reviewed the major epidemiological studies of ambient air pollution 
on morbidity and mortality, revealing consistent short-term effects of air pollution on 
health outcomes (e.g. hospital visits or deaths). Recently, another study on air pollution 
interventions and their impact on public health also showed reductions in air pollution 
from interventions being associated with positive improvements in general public health 
and with reduced mortality (Henschel et al.,2014). However, the quantification of such 
impact on public health remains difficult to interpret due to the heterogeneity in 
methods, suggesting a standardized approach/protocol. 
Globally, several reviews have presented the health effects of air pollution in more detail, 
e.g. WHO (WHO, 2016) or the European Environment Agency (EEA, 2015). The rest of this 
section will focus on the current knowledge on air pollution concerning health effect 
assessment based on the most updated reports from WHO and EEA (ie. EEA, 2015; WHO, 
2016). 
Proportion of the population affected 
Pollutant exposure 
Disturbed physiological 
function, or damage to  
individual organs, or body systems 
Morbidity and 
increased health 
care utilization 
Mortality  
Evidence of 
adverse health 
effects from 
clinical studies 
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surveys  
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detected by 
biological 
testing but 
largely 
unmeasured in 
populations 
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Table 25 describes the total number of towns and cities in the database of ambient air 
pollution by region (WHO, 2016). The database consists mainly of urban air quality data – 
annual means for PM10 and PM2.5 – covering about 3 000 towns and cities in 103 countries 
for the period between 2008 and 2015. The large number of towns and cities from Europe 
(1553) and America (524), which are high-income countries, compared to the remaining 
500 locations in other regions support the point identified in Chapter 2 that data on 
ambient air pollution are not adequately distributed across the world but skewed towards 
cities and towns in the developed nations.  
 
Table 25. Number of cities included for the PM2.5 and PM10 comparison over a five-year period 
according to the region: LMI: low and middle income countries; HI: high income countries 
(WHO, 2016). 
Region Number of  Number of Total number of  
 
towns and cities  countries countries in region 
Africa (Sub‐Saharan) 39 10 47 
America, LMI  102 13 24 
America, HI  524 6 11 
Eastern Mediterranean, LMI 53 8 15 
Eastern Mediterranean, HI  31 6 6 
Europe, LMI  166 9 19 
Europe, HI  1553 33 34 
South‐East Asia  175 9 11 
Western Pacific, LMI  225 4 21 
Western Pacific, HI  109 5 6 
 
According to EEA (2015), the most problematic pollutants in Europe regarding harmful 
effects to human health are PM, NO2, and ground-level O3. In more than 40 European 
countries in 2012, estimates of the health impacts of air pollution indicated that PM2.5, 
NO2, and O3 concentrations were responsible for about 432,000, 17,000, and 75,000 PD, 
respectively. The corresponding numbers in Belgium are 9,300, 170, and 2,300 
respectively. The report also estimated that the total health-related external costs in 2010 
were in the range of €330–940 billion, including direct economic damages of €15 billions 
on lost work days, and €4 billion on healthcare costs.  
However, the most updated WHO or European reports (i.e. EEA, 2015; WHO, 2016) have 
their own drawbacks since they could not provide all necessary information on the broad 
 113 
topic of air quality. For example, the WHO report acknowledged that its comparison of 
air pollution level has several limitations such as (i) PM10 values have been substituted for 
comparison when PM2.5 data were not available and (ii) data from which WHO’s analyses 
were based upon were both spatially and temporally restricted (WHO, 2016). Another 
illustration is that this global report lacks the air pollution data focusing on VOCs which 
is the primary air pollutant and consists of a broad range of organic compounds.  
Further down into the regional level, EEA (2015) provided an overview on the latest 
findings and estimates of population exposure to the air pollutants with the greatest 
impacts on health in Europe. However, its evaluation of the status of air quality in Europe 
is based solely on ambient air measurements, without data on VOCs for indoor air in 
general or other special micro-environments in particular. As a result, health impacts of 
exposure to the carcinogenic VOCs, e.g. information on CCR, have not been available.  
Therefore, the following section is our first attempt to fill this gap. 
5.2.1.1 A chain of events from air emission to health effects 
Figure 22 illustrates a chain of events from air emission to the health effects. This process 
involves the release of pollution, atmospheric transport, dispersion and transformation, 
and uptake of pollutants before the health effects take place. This section will provide 
some further discussions on Figure 22 based on the three particular case studies 
presented in Chapters 2 to 4 for toxic airborne VOCs. 
 
 
  
Figure 22. A chain of events associated with air pollution: from emission to health (adapted from 
Hertel et al., 2001). 
 
(i) Emission 
In modern societies, urban areas are considered the primary sources of air pollution. 
(Shen et al., 2013). Despite significant improvements in technology, present-day urban 
environments are mostly dominated by traffic emissions (Colvile et al., 2001; Do et al., 
2015). For example, transportation for Europe in 2010 reached up to more than 14760 Gg, 
accounting for about 23% contribution to the six primary sources as presented in Figure 
1. It should be noted that the international transportation (i.e. marine and aviation) is not 
taken into account (see Appendix Table A1).  
The VOCs source estimation methods applied in the three previous chapters are (i) scatter 
plots of benzene versus toluene, (ii) correlation coefficients of aromatic hydrocarbons, 
and, (iii) I/O values of the individual VOC, the different groups of VOCs, and TVOCs.  
 
 
114 
A good example is the aromatic hydrocarbons measured at six outdoor sites in urban air 
environment in Vietnam, Belgium, and Ethiopia. It was concluded from the diagnostic 
ratio (T/B) and correlation coefficients among the concentration levels of the six 
aromatic hydrocarbons that vehicle exhaust were the primary common source of 
emission. However, not all the measured data from our research could lead to the obvious 
conclusion as mentioned above. 
Let us take the data from both urban and industrial environments of the Philippines in 
Chapter 3, using the diagnostic ratio as an illustration. The result suggests that source 
estimation using specific diagnostic ratios as done in Chapter 2 faces difficulty because of 
the observed site-specific BTEX patterns which imply different unique sources in various 
sites. Other observations in the Philippines showing strong correlations in the traffic 
dominated urban region but poor correlations in the industrial environment is also 
reported in other studies done by Dollard et al. (2007), and Chan et al. (2002). This means 
that additional or multiple sources of individual VOCs are utilized in various 
manufacturing activities at industrial sites.  
Therefore, diagnostic ratios and correlation analysis are only useful as long as no more 
than two likely sources of specific VOCs are considered since precise source identification 
may be precluded by multiple sources as seen by the poor correlations in the industrial 
environment. Other source apportionment techniques like Principle Component Analysis 
can be further considered (e.g. Zalel, et al., 2008). 
(ii) Air concentration 
Air quality data concerning VOCs at selected sites and transport modes have been used as 
an approach to characterize outdoor/indoor concentrations in urban/industrial areas and 
mobile micro-environments. Nevertheless, these measurements cannot reflect the complex 
temporal and spatial distribution of pollutant concentrations, and thus depending on the 
location and dimension of the region to be studied, the measured data may not be 
sufficient enough to characterize pollutant levels or to perform population exposure 
estimations. Those limitations have been acknowledged in previous chapters.  
To obtain meaningful concentrations of airborne VOCs, proper sampling techniques are 
needed. In the technique of sorbent enrichment, dynamic and passive sampling are the 
two primary sampling methods as discussed in Chapter 1. In this dissertation, active 
sampling has been applied for all sampling campaigns to identify the sources of some 
measured VOCs for the urban air environment in Chapter 2, or to study VOC 
concentrations along the different sections of the route for the three transportation 
modes in Chapter 4. However, as mentioned in Chapter 1, passive sampling is ideally 
suited for the determination of TWA concentrations for periods ranging from a few hours 
(8h) up to several weeks in duration (Gorecki and Namiesnik, 2002). Therefore, 
improvements of health assessment of airborne VOCs could be achieved by passive 
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sampling if the same sample size is considered for a given sampling campaign, provided 
that the knowledge on passive sampling is broadened (e.g. real uptake rates as discussed 
in Chapter 1). 
As shown by our experimental work, continuous improvement and updating are 
necessary to achieve quality in chemical analysis dealing with a broad range of 
micropollutants in the air. The most crucial points are (i) calibration of the TD-GC-MS 
(each month, in the different stock solutions) and the sampling pump, (ii) choice of  the 
sorbent (Tenax TA) and solvent (i.e. methanol) (iii) blank corrections, (iv) BTV, SSV and 
artefact concerns, (v) basic sampling techniques, (vii) analysis of raw samples as soon as 
possible, (viii) combination of XIC and TIC modes, and (ix) manual and careful check of 
the integration from the Xcalibur program by using a set of characteristic ions for each 
target VOC. Each step mentioned above requires its own timing. However, the 
quantitative process of a wide range of airborne VOCs concerning many isomers is time-
consuming (e.g. see Table 20). In this regard, the cancer risk assessment of airborne VOCs 
(e.g. estimation of CCR in Chapter 3) could be excecuted much faster if only the 
carcinogenic VOCs had been considered. 
Nevertheless, the basis of science is to measure phenomena of nature in real time (Karl et 
al., 2001; Ferrer and Thurman, 2013). In this regard, at least two following approaches are 
worth discussing. The first one is based on the new analytical concept of on-site MS by 
miniaturizing equipment while keeping performances equivalent to their full size 
counterparts. Despite of its challenges, on-site MS attracts rising attention, and 
instrumentation and application feasibility of miniaturized MS is in detail discussed 
elsewhere (Ferrer and Thurman, 2013). The second approach comes from groundbreaking 
and cutting-edge technology/development such as (i) selected ion flow tube - mass 
spectrometry (SIFT-MS) (ii) proton transfer reaction - quadrupole - mass spectrometry 
(PTR-Q-MS), (iii) proton transfer reaction - time-of-flight - mass spectrometry (PTR-TOF-
MS) thanks to their possibility of real-time trace VOCs analyzing/monitoring (e.g. Ellis 
and Mayhew, 2014; Van Huffel et al., 2016; Volckaert et al., 2016; IONICON, 2017).  
(iii) Exposure/Dose 
Exposure studies aim at obtaining estimates of the exposure of the individual (personal 
exposure) or for a larger population group (population exposure). Health effects of air 
pollution can be studied through direct or indirect methods. One example of the direct 
method is measurements made by biological markers which are indicators of changes or 
events in human biological systems. In this case, a metabolite of some exogenous 
substance found in a person’s blood or urine might be considered as a marker of that 
individual’s exposure to that substance in the environment. 
In the indirect method, the exposure is determined by combining information about the 
time spent in specific locations, the micro-environments, with the pollutants 
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concentrations at these same places. The limitation in the indirect methods is that the 
residence time of the person, frequently termed as the time-activity pattern, needs to be 
known together with the pollution concentrations in each of the micro-environment at 
the time when the person is in its/their presence. Typical micro-environments used in 
exposure studies are indoor home, outdoor home, other indoor/outdoor at work, 
hospital, university, and transportation. The case study in the city of Ghent, Belgium 
(Chapter 4) concerning VOCs exposure has been carried out for the mobile micro-
environment as the three different transportation modes (i.e. car, bike, tram).  
As illustrated in Chapter 4, exposure comparisons among transportation modes are 
challenging to make. The difficulties involve the differences in the simultaneity of trips 
by various modes, the choice of routes by each mode, the ventilation setting in cars, the 
type of monitoring instruments used, or the particular setting of the study site. It means 
that it is necessary to understand those factors that explain variability to make a 
meaningful exposure comparison among different transportation modes in urban air 
environment.  
With regard to the issue of dealing with VOCs and transportation modes, most studies 
until the present time seem to just focus on a limited number of target compounds (most 
often the group of the BTEX compounds as reviewed in Section 4.2.1). To the best of our 
knowledge, there has not been any study focusing on 84 VOCs that belong to different 
chemical groups. Therefore, the significant strength of our study in Chapter 4 is the active 
monitoring of a broad range of airborne VOCs. 
Comparisons between the three modes of transport for both SC and TWA concentration 
by making use of the statistical analysis (ANOVA or Kruskal-Wallis test) have been 
discussed and summarized (see Table 23). The choice of type of statistical test depends on 
whether all assumptions of the concerned technique have been met. In Chapter 4, the 
statistical software package IBM SPSS (Version 22) has been used to check all assumptions 
of ANOVA techniques (e.g. the measured concentrations in the different transportation 
modes should have similar spread). The outcome of the comparison should be the same 
if the Kruskal-Wallis test is used in all cases. However, the parametric test (i.e. one-way 
ANOVA) has more power than the non-parametric test (i.e. Kruskal-Wallis). By carefully 
tesing the data from chemical measurments of urban airborne VOCs, it has been expected 
to bring forth as much meaningful information as possible. 
The detailed outcome of the statistical analysis (see Table 23) also reveals that although 
the same conclusion for the overall comparison can be drawn, there is a significant 
difference in the results among pairwise tests, depending on the group of VOCs 
considered (e.g. the outcome of the pair-wise tests for aromatic compounds versus that 
for terpenes). This finding indicates that caution should be exercised in any study making 
comparison and interpretation of VOCs exposure in urban environments. 
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Furthermore, the inhalation doses of benzene, toluene, and ∑BTEX for the three modes 
of transport (i.e. bike, tram, car as computed in Chapter 4) have shown that the inhalation 
dose of the biker was 5-7 times higher when compared to the other two modes of 
transport, mainly due to the differences in physical activity when using the different 
transportation modes. It should be stressed that our comparisons have been based on the 
inhalation dose defined as the product of concentration, inhalation rate, and exposure 
time (see Section 4.3.4). From a toxicological point of view, benzene is a very suitable 
compound since the IARC classifies it as “carcinogenic to humans”. Moreover, the WHO 
states that benzene is carcinogenic to humans, and no safe level of exposure can be 
recommended. Finally, when the routes of benzene exposure are considered, inhalation 
accounts for more than 99% of the exposure of the general population, whereas intake 
through food and water is minimal (WHO, 2000). These arguments provide the 
explaination for selection of this compound and the special attention it receives 
throughout this dissertation. 
As a bicyclist takes part in traffic flow, this person is simultaneously exposed to traffic-
related air pollution and noise, both in a direct way without any physical barrier 
(Dekoninck, 2015). It means that this specific mobile micro-environment is a perfect place 
to study the physical link between noise and air pollution. In Dekoninck’s work, spatio-
temporal modeling of personal exposure to black carbon using noise as a proxy has been 
studied. Although sharing similar objectives and monitoring methodology like the work 
of Dekoninck on black carbon pollution, Van den Bossche (2016) has utilized a different 
approach by opportunistic measurements instead of using noise as a proxy. As a result, 
the spatio-temporal model developed by Van den Bossche which focuses on the average 
street-level exposure to traffic-related pollution in the urban environment goes beyond 
the initial steps taken by Dekoninck. Another work also focusing on urban cyclists in 
Ottawa, Canada is worth mentioning in this context (Weichenthal et al., 2012). This study 
suggests that exposure to traffic-related VOCs possibly contribute to acute changes in 
lung function and heart rate variability among urban cyclists. 
Therefore, when their research discussed above and our work on airborne VOCs are set 
in a larger picture, it reveals that an investigation on the effects of traffic-related 
environmental burdens on the quality of life at the deepest levels requires a team-work 
of multi-disciplined perpectives/sciences. 
(iv) Health effect 
The two key terms mortality and morbidity expressing the health impacts of air pollution 
have been discussed in Section 5.2.1.2. As such, it can be concluded that the approach of 
the morbidity indicator has been successfully investigated in Chapter 3. This morbidity 
indicator has been determined by calculating cumulative cancer risk via inhalation (i.e. 
CCR). The starting point is that the excess cancer risk for a receptor exposed via the 
 
 
118 
inhalation pathway can be estimated by calculating the product of the Inhalation Unit 
Risk (IUR; (μg/m3)−1) and the Exposure Concentration (EC; μg/m3) (US-EPA, 2009b).  
It should be stressed that the CCR values have been estimated based on the three 
assumptions: (i) the arithmetic mean VOC concentration (N = 18), which represent both 
indoor and outdoor in the urban and industrial sites, is equal to the exposure 
concentration of that carcinogenic VOC; (ii) the lifetime excess cancer risk is computed 
by assuming that exposure occurs at the same level, 24 hours per day, for 70 years; and 
(iii) our CCR calculation ignores possible interaction between chemical stressors (Ragas 
et al., 2011).  
From an analytical point of view, SSV values expressing the relative retention capability 
of the adsorbent for each VOC are of vital importance (see Sections 1.7.2 and 2.2.1). 
Although a very helpful resource in this respect is the list of BTV of numerous compounds 
published (SIS, 2016), there is an apparent lack of SSV data of carcinogenic VOCs. For 
example, dibromomethane concentration levels would have been determined at some 
locations in our work if the values of BTV and SSV for this carcinogenic VOC had been 
available. Therefore, future work is demanded to fill this gap. 
5.2.1.2 Conclusion 
Some key recommendations as areas of interest for future research and innovations 
concerning health effect of airborne VOCs are the final comments for this section. To have 
a better understanding of the link between harmful airborne VOCs and health effect, 
individual and population exposure studies are strongly recommended. This can be 
achieved by carrying out a complete and individual(s)’ personal exposure to air pollution. 
The complete exposure in this context means that (i) both indoor/outdoor air pollution 
and (ii) a period of 24h/24h monitoring should be all considered. The individual exposure 
involves in monitoring the air quality at the level of the person him/herself, using 
portable-and-easy monitors. Further research in this direction is recommended to 
combine different kinds of health effects from various air pollutants. 
5.2.2 National anthropogenic emissions  
As introduced in Chapter 1, EDGAR provides global past and present day anthropogenic 
emissions of greenhouse gases and air pollutants by country. Therefore, this inventory 
provides a time-series of emissions of anthropogenic greenhouse gasses and air 
pollutants including VOCs for all countries (EDGAR, 2016). EDGAR uses the term NMVOCs 
in their database instead of the VOCs accronym, as discussed in Chapter 1. The calculation 
of the EDGAR has been utilized in the assessments of the Intergovernmental Panel on 
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Climate Change (IPCC, 2001a) and recently (Muntean et al., 2014; Crippa et al., 2016; Koplitz 
et al., 2017). 
Airborne VOCs were measured between 2008 and 2014 via 24 sampling campaigns across 
10 cities in the five countries i.e. Belgium, Vietnam, the Philippines, Bangladesh, Ethiopia, 
as detailed in previous chapters. Therefore, the data from the EDGAR inventory for the 
five studied countries are utilized in this section, using the most recdent data for the year 
2010 (EDGAR 2016). By comparing the work synthesized from EDGAR with our collected 
data on airborne VOCs, it is expected to provide not only scientific and technical advice 
but also suggestions for policymakers in developing countries. 
5.2.2.1 Anthropogenic VOCs emissions for the five studied countries 
(i) Time-series from 1970 to 2010 
To estimate global and national anthropogenic emission of VOCs, EDGAR has classified 
VOCs emission into two fundamental types: VOCs emission produced by fossil fuels and 
that by bio fuels. As such, the sum of the two key emissions gives total human-made VOC 
emissions which are our synthesized data presented in Figures 23 and 24. 
Figure 23 presents time-series of national anthropogenic VOCs emissions (Gg/year) for 
the five countries from 1970 to 2010. The three countries with significant increases in 
human-made VOCs emission over 40 years are Bangladesh (from 450 to 804 Gg; or an 
increase of 78%), Vietnam (1040 to 2632 Gg; 153%), and especially Ethiopia (464 to 1816 
Gg; 291%). Belgium is the only one nation from those studied countries with a declining 
trend of anthropogenic VOCs emission (296 to 130 Gg; a decrease of 56%). The graph also 
shows the sudden fall in the national emission of the Philippines for a given period 
between 1990 (1500Gg) and 1995 (1210 Gg). By looking at the data of the Philippines during 
this time at sector levels for both fossil and bio fuel emissions, it has been found that the 
unexpected fall in the fugitive emissions from solid bio fuels (830 Gg in 1990 to; 520 Gg in 1995) 
is a leading cause. The same detailed approach to treat the data at sector levels is further 
exemplified in Table 26. 
Among the three studied countries with a significant increase in human-made VOCs 
emission over the period of 40 years, the most striking feature represented in Figure 23 is 
an abrupt rise of VOCs emission in Ethiopia during 2006-2007. This sharp increase is the 
result of two activities classified by EDGAR as (i) agricultural waste burning residential and 
other sectors (653 Gg in 2006 to 885 Gg in 2007) and (ii) fugitive emissions from solid fuels (235 
Gg in 2006 to 695 Gg in 2007). However, after contacting EDGAR, detailed insights into this 
abrupt rise for Ethiopia during that short period have been remained unanswered. Other 
emissions concerning activities using of fossil fuel (24 Gg) and agricultural waste burning (45 
Gg) are relatively stable and they contribute to a small fraction of the national 
anthropogenic VOCs emission. 
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Figure 23. National anthropogenic VOCs emission (Gg/year) for the five studied countries from 
1970 to 2010 (data source: EDGAR, 2016). 
 
Taking into account of both the vast differences in population among those five countries 
and a steady increase in the population of each country over the years, the time-series of 
national anthropogenic emissions are adjusted in Figure 24 corresponding to 10 million 
inhabitants (i.e. approximately equal to the population of Belgium).  
From this point of view, the VOCs emissions of Philippines and Belgium have roughly 
similar decreasing trends (ca. 300 Gg in 1970 to ca. 125 Gg in 2010) while those values for 
Bangladesh are stable over the period of 40 years. On the other hand, there is 
approximately a twofold increase in anthropogenic VOCs emissions for Ethiopia from 122 
Gg (2006) to more than 200 Gg (2007) as discussed above.  
Vietnam has seen a steady rise from 214 Gg in 1990 to 303 Gg in 2010, showing the biggest 
anthropogenic VOCs emissions among the five countries since 1990. 
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Figure 24. Anthropogenic VOCs emissions (Gg/year) for the five studied countries from 1970 to 
2010, normalized to 10 million inhabitants [data sources for VOCs: EDGAR, 2016; for populations: 
World Bank (WB, 2016)]. 
 
(ii) A closer examination of the data in 2010 
As mentioned above, the latest updated data in the EDGAR inventory are available for 
2010 (EDGAR, 2016). Table 26 represents a detailed overview of anthropogenic VOCs 
emissions (Gg) for the five countries in 2010, classified into (i) two key sources deriving 
from fossil fuels and bio fuels and (ii) 21 sectors following IPCC description. Three major 
points deserve our special attention.  
First, the contribution of fossil fuels to the Belgian national VOCs emissions is the highest 
among the five countries (92%), while this is just 2, 15, 19, and 29 % for Ethiopia, 
Bangladesh, Philippines, and Vietnam respectively.  
Second, among the three countries with a population of around 90 million (i.e. Ethiopia, 
Vietnam, and the Philippines), the national human-made VOCs emissions in Vietnam are 
the highest of all, reaching up over 2630 Gg in 2010. By comparing at sector levels as 
described by IPCC, it can be drawn from Table 26 that the improvement of national 
anthropogenic VOCs in Vietnam can be achieved by reducing bio VOCs emission from 
agricultural waste burning (230 Gg) and fossil VOCs emission from road transportation (320 
Gg). 
Third, EDGAR has been working on the speciation of VOCs. To the best of our knowledge, 
the expert group has only estimated emissions for the total global and national VOCs, but 
not the individual compound. It means that although the EDGAR data is a valuable source 
of information to scientists and policy makers on the evolution of the emission 
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inventories over time for all countries in the world (Muntean et al., 2014; Crippa et al., 
2016), the emission inventories should be used and interpreted with caution. Especially, 
this perspective should be thoroughly considered when one intends to utilize the EDGAR 
data for the purpose of predicting environmental indicators. 
Our work in Chapters 2 to 4 supports this argument. For Vietnam, Philippines, and 
Bangladesh, ∑BTEX level at street sites ranges from 60 μg/m3 in the Philippines to 100 
and 250 μg/m3 in Vietnam and Bangladesh, respectively (see Table 17). The highest OFP 
(2150 μg/m3) calculated from the same set of the seven aromatic VOCs is obtained at the 
street site in Bangladesh (see Figure 15). This OFP value is of a factor of three and four 
times higher than the OFP values observed at the street sites in Vietnam, and the 
Philippines, respectively. 
On the other hand, a different picture appears in Table 26 below when anthropogenic 
VOCs emissions in the year 2010 are compared, irrespective of national VOCs emission or 
emissions corresponding to 10 million inhabitants. For instance, the national emission by 
10 million people of Vietnam and Philippines are around six and three times higher than 
that value of Bangladesh (53 Gg).  
The analysis above illustrates that only using the EDGAR data for the purpose of 
predicting environmental indicators for urban air quality may not be sufficient. From 
atmospheric chemistry perspective, one possible explanation for this is that VOCs 
abundances are concentrated very near their sources because of their short lifetimes and 
geographically varying sources as discussed elsewhere (IPCC, 2001b). 
 
5.2.2.2 Conclusion 
Data from the EDGAR inventory for the five studied countries have been used in this 
section to make comparison on national anthropogenic emissions of VOCs. The 
comparison between our work synthesized from EDGAR database and our collected 
information on VOCs concentration levels suggests that policymakers on air quality in 
those countries should not just use EDGAR inventories for their final decisions. Other 
available data for environmental and health indicators should be considered as well. 
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Table 26. A detailed information on anthropogenic VOCs emissions (Gg) for the five studied countries in 2010: fossil versus bio fuels. 
IPCC IPCC description Belgium Ethiopia Vietnam Philippines Bangladesh 
Fossil Bio Fossil Bio Fossil Bio Fossil Bio Fossil Bio 
1A1a Public electricity and heat production 1.8 1.5 0.5  1.7  2.8  11.3  
1A1bc Other energy industries 1.0  0.0  0.1  0.0  0.1  
1A2 Manufacturing industries and construction 6.4 1.9 0.6  100.7  3.5 25.7 7.9  
1A3a Domestic aviation 0.0    0.1  0.1    
1A3b Road transportation 9.6 2.4 20.3  320.8  147.8 3.1 63.5  
1A3c Rail transportation 0.1  0.0    0.0  1.2  
1A3d Inland navigation 0.4  0.0    8.1  0.9  
1A4 Residential and other sectors 6.2 4.2 0.2 970 29.0 1249 1.4 212 1.9 637 
1B1 Fugitive emissions from solid fuels 0.2   761 221.3 376 3.6 598 2.0  
1B2 Fugitive emissions from oil and gas 20.0  0.0  82.6  6.7  1.5  
2B Production of chemicals 34.7  0.1  0.0  0.6  0.1  
2C Production of metals 1.0    0.4  2.0  0.0  
2D Production of pulp/paper/food/drink 16.0  0.2  7.6  7.0  0.8  
3A Solvent and other product use: paint 0.1  0.8  0.1  4.9  1.8  
3B Solvent and other product use: degrease 0.1  0.0  1.8  1.9  3.5  
3C Solvent and other product use: chemicals 0.0  0.0  0.0  0.0  0.1  
3D Solvent and other product use: other 17.3  3.1  4.4  10.9  9.9  
6A Solid waste disposal on land 0.4  0.5  2.1  4.5  4.0  
6C Waste incineration 0.0        0.0  
6D Other waste handling 3.7  3.5  3.2  24.2  11.4  
4F Agricultural waste burning  0.8  55.0  230.1  167.6  45.8 
 Total of Fossil or Bio (Gg) 119 11 30 1786 776 1855 230 1006 122 682 
 Contribution (%) 92 8 2 98 29 71 19 81 15 85 
 National emission in 2010 (Gg) 130 1816 2632 1236 804 
 Population in 2010 (million) 11 88 87 93 152 
 National emission by 10 million inhabitants (Gg) 119 207 303 133 53 
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5.2.3 Types of fuel used in transportation 
Among the five key countries under consideration in this dissertation, Belgium is the only 
developed country, and as such can be used as a reference due to its lowest national 
anthropogenic VOCs emission as illustated by the EDGAR data for more than 40 years, 
regardless of the national emissions or emissions corresponding to 10 million inhabitants 
(Figure 23, 24). On the other hand, Vietnam shows the highest emission for anthropogenic 
VOCs among the five contries since 1990 by EDGAR data. 
One conclusion from the previous section is that one way of improving the situation in 
Vietnam is by reducing fossil VOCs emissions from road transportation (320 Gg) which is 
more than 32 times larger than that of Belgium. 
In Chapter 2, the comparison of VOCs in an urban environment among three countries 
including Belgium, Vietnam, and Ethiopia has already been made. The source estimation 
(see Section 2.3.3) has suggested that the source of aromatic hydrocarbons, one of the 
most concerned groups, is most likely to be from the traffic in both Hanoi and Ghent. It 
should be emphasized that vehicle VOCs emission is dependent on speed, the condition 
of vehicles, and type of used fuel as discussed in Chapter 1.  
Given these considerations, the types of fuel used in transportation in both Vietnam and 
Belgium will be analyzed in this section to partly elucidate the difference in air quality 
concerning VOCs emissions. This clarification is done by making use of the Flanders 
environment report (MIRA-T-2007 Indicator) and a report on  urban air environment in 
different cities of Vietnam by the Ministry of Natural Resources and Environment 
(MONRE, 2007). 
Transport remains by far the largest source of benzene and toluene emissions, up to 88% 
in the region of Flanders in Belgium. The Flemish transport sector registered the largest 
emission reduction of up to 70% from 1990 to 2006. This sharp decrease is the result of 
vehicle standardization, regulations with respect to the volatility and benzene content of 
petrol and the vehicle fleet’s changeover to diesel. Obviously, diesel has a lower VOCs 
content than petrol. A further decrease in emissions and consequently also in the 
concentration of benzene and toluene in the ambient air can be expected shortly in 
Flanders. This is because (i) the phased implementation of the vapour recovery phase II 
(vapour recovery between car tank and underground storage tank) is already 
implemented and (ii) the extra measures proposed in the Flanders Mobility Plan Policy 
Resolutions have been taken. These resolutions include (i) extending carpooling, (ii) 
adequately tuning the different kinds of public transport to each other, (iii) stimulating 
goods transport by water and rail, as well as (iv) fiscally rewarding vehicles which comply 
with future environmental standards. 
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On the other hand, Hanoi like other big cities in Vietnam is heavily congested with 
motorcycle fleet (almost using petrol) which is the principal means of transportation (See 
part 2.2.1.2). The motorcycle fleet is estimated to be responsible for 92% of the total 
emission from different transport sectors (MONRE, 2007). It should be noted that the 
quality of petrol used in Vietnam is not as high as that in Flanders, Belgium. Normally, 
petrol contains around 1% benzene in developed countries like Belgium whilst it consists 
of up to 5% benzene in Vietnam. As such, the undesirable situation concerning the 
detrimental air quality in Hanoi tends to continue since (i) the number of registered 
transport sectors is still increasing dramatically, especially the motorcycle fleet and (ii) 
no strong actions from the government of Vietnam can be foreseen in the near future. 
For example, there were less than 1 million motorcycles in 2001 in Hanoi. However, the 
number has reached 1.5 and 1.8 million in 2005 and 2007, respectively (MONRE, 2007).  
Nevertheless, the urban air quality in Hanoi and other studied Asian cities (e.g. Dhaka) 
cannot improve significantly if only the quality of fuels used in transportation is 
considered. Hanoi is facing a serious air pollution problem from two- and three-wheeled 
vehicles that run on two-stroke engines (See Section 2.3.1). Experts who advice nations 
worldwide about vehicle-related pollution and control issues consider the inexpensive 
two-wheelers (forming around 75-80% of the traffic in most Asian cities) as “an Asian 
dilemma”. This is because two-stroke engines emit more pollutants such as CO, VOCs, and 
PM than four-stroke engines (Potera, 2004). According to this study, the situation can be 
worse because two-wheelers are converted into three-wheeled called “baby taxis” by 
adding a sidecar. The vehicle itself is not designed for the extra weight, and the engine 
emits even dirtier. The two-stroke auto-rickshaws discussed in Section 3.3.1 can be a good 
example in this context. It should be stressed that the total road area in Hanoi is just about 
6-9% of the total land area which is much smaller compared to that in the developed world 
(20–25%), giving rise to a highly condensed traffic situation (See Section 2.3.1). Because of 
the narrow streets, the trend of the rich people in Hanoi having their own cars increases 
the traffic jams. Therefore, even if the new cars are equipped with advanced exhaust 
control devices (e.g. three-way catalytic converters), this technological improvement 
might have a minor effect on the air quality. Managing urban air quality in any big city in 
developing world is thus not only a matter of reducing traffic but of improving 
infrastructure as well. However, this issue is beyond the scope of this dissertation. 
In short, the types of fuel; types of vehicle (types of engine); and infrastructure used in 
transportation have to be considered to understand the difference in air quality in 
Vietnam and Belgium. The comparison together with the chemical analysis of VOCs by 
TD-GC-MS strongly suggests that air quality in ambient air is a critical and multi-fold 
problem in Hanoi, Vietnam. Hopefully, the adverse effects can be mitigated and health in 
cities will be improved if successful lessons from other developed countries discussed 
here and elsewhere (e.g. Hester and Harrison 2009; Fanizza et al., 2014; Crippa et al., 2016; 
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Nieuwenhuijsen, 2016; Koplitz et al., 2017) are modified to suit the local environment and 
applied. Nevertheless, the first step in the implementation of any air quality management 
strategy, as suggested by Schwela et al. (2006), involves measuring the concentration of 
air pollutants and determining the current level of air quality. 
5.3 Conclusions 
Air quality regarding measured airborne VOCs has been placed in a broader context in 
this chapter by addressing three major themes. They are (i) air pollution of VOCs and 
health effects, (ii) the national VOCs anthropogenic emissions for the five studied 
countries, and (iii) the types of fuel used in transportation in relation to air quality and 
VOCs emissions. The four conclusions for those three themes can be drawn further. 
First, the effects of air pollution on health depend on several key factors: the 
concentrations and chemical properties of the contaminants, the person’s age and the 
general state of health, the duration of exposure, the weather condition, and the distance 
from the emission sources. Consequently, health impacts of air pollution may be greater 
for individuals and groups who are more susceptible, more exposed or otherwise more 
vulnerable (e.g. new born children).  
Second, the choice of both health and environmental indicators (e.g. TVOCs and OFP; CCR 
and ID as investigated in previous chapters) is driven by data availability, practicality, and 
needs of the assessment. All of the indicators discussed so far are state-of-the-art in 
certain conditions. However, by (i) clarifying the methodology to calculate each indicator 
and (ii) using both health and environmental indicators to inform government and 
industry policymakers, they will be able to make a more scientifically weighted decision 
for improving the air quality. 
Third, the EDGAR database introduced briefly in Chapter 1, providing an estimate of a 
time-series of global human-made VOCs emissions, has been used in this chapter to make 
the comparison for the five studied countries. Our major finding in this section indicates 
that policymakers on air quality in the developing countries should not just use EDGAR 
inventories for their final decisions, but they should also consider other available data for 
environmental and health indicators as argued in this paper. To have a more detailed 
picture of air quality, emission inventories of other key pollutants (e.g. SO2, NOx, CO, NH3, 
PM) by EDGAR should be further synthesized and analyzed. Together with these 
suggested synthesis and analysis, several sampling campaigns measuring/monitoring for 
these toxic air contaminants need to be executed since VOCs emissions given in the 
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EDGAR database are known to have uncertainties in both magnitude and distribution of 
the emissions (Koppmann, 2007). 
Finally, the types of fuel and vehicles used in transportation in both Vietnam and Belgium 
have been compared. This comparison together with our chemical analysis of airborne 
VOCs in the five studied countries worldwide indicates that the adverse effects of air 
pollution in developing countries can be mitigated significantly if a critical element of 
the success from the developed world are well considered and applied. 
 
 
 
129 
Chapter 6 Overall conclusions and outlooks 
6.1 Overall conclusions 
The research thesis has accomplished the overall aim to build up an air quality data set 
focusing on a diversity of airborne VOCs for comparison of pollution levels and exposure 
in different parts of the world, including regions or micro-environments where data are 
not or scarcely available at the present time. 
The key contributions of the thesis regarding the three primary specific objectives as 
proposed at Section 1.8.1 are: 
o Active sampling (using sorbent tubes filled with Tenax TA) with TD-GC-MS 
analysis (using IS calibration) in order to measure VOCs concentration levels has 
been successfully applied in this thesis. As a result, VOCs have been measured in 
explorative sampling campaigns between 2008 and 2014 on selected days across 
ten cities in five nations (i.e. Belgium, Vietnam, the Philippines, Bangladesh, and 
Ethiopia) in Europe, Asia, and Africa. The quantification resulted in a unique 
dataset of concentration levels of up to 84 VOCs in 450 samples from urban air 
regions or micro-environments.  
o Between 2008 and 2010 on the selected days, a spectrum of 34 VOCs was measured 
at eight different urban sites in Ghent (Belgium), Hanoi (Vietnam), Jimma and 
Addis Ababa (Ethiopia) as documented in Chapter 2. TVOCs levels were measured 
with maximum values of 54 μg/m3 in Ghent, 507 μg/m3 in Hanoi and 318 μg/m3 in 
Addis Ababa.  
In Chapter 3, concentration levels of 60 VOCs have been quantified (between 2011 
and 2014) at 27 sites both at urban and industrial locations in seven different cities 
in Vietnam, the Philippines, Bangladesh and Ethiopia. It was found that ∑BTEX 
concentrations at street sites range from 36 μg/m3 in Mekelle, to 100 and 250 
μg/m3 in Hanoi, Vietnam, and Dhaka, Bangladesh, respectively.  
Indoor-to-outdoor concentation ratios for TVOCs and specific groups of VOCs are 
calculated. Given the importance of specific aspects such as the sampling country, 
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specific sampling location and type of pollutants considered, it has been shown 
difficult to generalize differences in air quality between indoor and outdoor in 
both urban and industrial environments.  
o As far as micro-environments are concerned, Chapter 4 deals with chemical 
analysis of 84 VOCs concerning three transportation modes (i.e. car, tram, bike) as 
measured along fixed routes in Ghent, Belgium in 2013. To the best of our 
knowledge, a study focusing on a diversity of 84 VOCs belonging to different 
chemical groups in those micro-environments has not been described in the 
literature. The median TVOCs for the tram (33 µg/m3) is around 1.7 and 1.5 times 
higher than that of the bicycle (20 µg/m3) and the car (22 µg/m3), respectively. It 
was found that aromatic hydrocarbons accounted for a significant proportion in 
TVOCs reaching as high as 41–57% (tram), 59–72% (car), and 58–72% (bicycle). 
When the same route is followed, a bicycle commuter inhales seven to nine times 
more benzene compared to those sitting in the car and tram, respectively. These 
facts strongly suggest a crucial role of the physical activity associated with each 
mode of transportation when exposure assessments for toxic VOCs are excecuted. 
 
Regarding the two secondary specific objectives, two major conclusions for OFP and 
CCR values can be made. 
o In Chapter 2, the arithmetic mean OFP values based on six aromatic VOCs have 
been estimated in Ghent (82 μg/m3), Hanoi (1308 μg/m3) and Addis Ababa (596 
μg/m3). In Chapter 3, an extended comparison of OFP among four developing 
countries (i.e. Ethiopia, Vietnam; Philippines, and Bangladesh) and other studies 
(Belgium, Italia, and China) for a set of seven aromatic VOCs have been made. The 
highest OFP (2200 μg/m3) is computed for the street site in Dhaka, Bangladesh 
which is respectively three and four times higher than the OFP values at the street 
sites in Hanoi, Vietnam and Manila, Philippines. The biggest contributor to the 
calculated OFP is toluene (35 ± 11%). The calculated OFP values from Chapter 2 and 
3 also illustrate the big difference in air quality levels of these urban air 
environments in five studied countries. 
o In Chapter 3, the data of chemical analysis from four developing countries have 
been further interpreted and compared in terms of CCR for the purpose of cancer 
risk assessment via inhalation. The CCR values calculated for the carcinogenic 
VOCs range from 97×10-6 in urban Mekelle to 299×10-6 in urban Dhaka. The 
contribution of individual VOCs differs significantly. Therefore, TVOCs levels are 
not a direct indicator for estimated CCR values. Chapter 3 brings forward new data 
because comparison of cancer risk assessment via inhalation for airborne VOCs 
has been drawn for the first time in those four countries. 
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6.2 Outlooks 
o Chapter 2 and 3 focus on both indoor and outdoor air environments. The obtained 
data are interpreted regarding I/O values. It has been shown difficult to generalize 
differences in air quality between indoor and outdoor in both urban and industrial 
environments due to the importance of specific aspects as discussed (e.g. sampling 
location and type of airborne VOCs considered). Therefore, extended data in this 
field are needed for both urban and industrial environments in the developing 
world, in particular on the possible effect of energy saving/efficiency in buildings. 
o Despite the fact that cancer risk assessment via inhalation has been computed in 
the four developing countries for the first time in Chapter 3, the estimation of CCR 
can be improved. From both statistical and analytical points of view, a better 
assessment can be achieved either by increasing sample size (e.g. indoor and 
outdoor measuring continuously for at least one week for each season) or by 
focusing only on the carcinogenic VOCs in the calibrated solutions. From a risk 
assessemnt point of view, this can be achieved by taking account of other exposure 
pathways such as via food and drink. Also, when estimating cancer risks for 
children, risk assessors should be aware of airborne VOCs that pose a higher risk 
of cancer when exposure occurs during early life.  
o Every sorbent has a limited capacity for a given analyte which depends on the 
characteristics of the sorbent, on the type of compound to be trapped, and on 
certain sampling parameters (e.g. temperature and humidity). The experimental 
values of BTV and SSV are of key importance when sampling campaigns are done 
in an active way. Therefore, our research suggests the need of future work to 
determine BTV, SSV values for some specific VOCs such as dibromomethane for 
the purpose of cancer risk assessment by inhalation. 
o The comparison between the work synthesized from EDGAR data with our 
measured VOCs concentration levels in the five studied countries strongly 
suggests that policymakers on air quality in developing countries should not only 
use the  EDGAR inventories for their final decisions. Other available data for 
environmental and health indicators should be considered as well. To have a more 
detailed picture of air quality, emission inventories of other key pollutants (e.g. 
SO2, NOx, CO, NH3, PM) by EDGAR need to be further synthesized, analyzed, and 
compared since multiple perspectives are essential to any field of environmental 
sciences. 
o To gain better insights into the occurrence, fate, and behaviour of harmful 
airborne VOCs, future reseach/work should focus on at least five suggestions. They 
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are (i) the development and application of the cutting-edge technology like SIFT-
MS, PTR-TOF-MS, PRT-Q-MS, and new analytical concepts such as on-site 
monitoring by using miniaturized MS machine, (ii) advanced knowledge of 
atmospheric chemistry and modelling in relation to the availability of 
meteorological data (e.g. mixing height and surface roughness), (iii) better 
generations of sorbent with availability of experimental information on SSV or 
BTV in conjunction with an increased knowledge of passive sampling, (iv) mobile 
monitoring for air quality mapping coupled with low-cost sensing devices, (v) and 
last but not least, a better knowledge of applied statistics together with 
advancements in toxicology and risk assessment.  
This is a task which is multi- and perhaps inter-disciplinary, beyond the scope of 
this dissertation. However, given the unique kind of dataset on both 
environmental and health indicators, this dissertation is expected to be helpful to 
the policy makers in protecting human health of communities and promoting the 
wellbeing of individuals regarding the different types of undesired effects caused 
by a great diversity of airborne VOCs. 
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Appendix 
Table A1. Detailed information on the estimates of emissions and the major sources of the primary air pollutantsa  for Europe, Asia, and Africa in 2010 (Data source: 
EDGAR, 2016).  
Continent Explanation Population (percentage to global)c 
Europeb 42 countries in alphabetical order  from Austria to Ukraine  739 million (11%) 
Asiab 50 countries in alphabetical order  from Kazakhstan to Japan  4207 million (60%) 
Africab 57 countries  in alphabetical order  from Algeria to Zimbabwe  1046 million (15%) 
Source named Explanations IPCC source classification 
Energy production and 
distribution 
Energy industry including production, power plants, and fuel conversion 1A1 + 1B 
Industry processes and 
solvents 
Industrial processes, combustion; solvent applications and production 1A2 + 2A + 2B + 2C + 2D + 2E + 2F + 3 
Transportatione Land, air, marine transportation  1A3a + 1A3b + 1A3c +1A3d 
Agriculture Agriculture, animal, soil production,  agricultural waste burning,  open vegetation 
fires in forests, savanna, and grasslands 
4A + 4B + 4C+ 4B + 4G + 4E 
Residential and 
commercial 
Residential and commercial sectors 1A4 
Waste   Waste treatment and disposal 6A +6B +6C+ 6D 
a One of the five primary pollutants in Figure 1 is PM which is presented as the sum of PM10 and PM2.5 . 
bAccording to EDGAR's classification. 
c Population of each continent and its contribution to the global population is available on:  
http://www.un.org/en/development/desa/population/publications/pdf/trends/WPP2010/WPP2010_Volume-I_Comprehensive-Tables.pdf 
d Within the EDGAR database, sources are divided into more than 20 categories which can roughly be rearranged in Figure 1 in six major sources: (i) energy production and dsitribution, 
(ii) industrial processes and solvents (iii) transportation, (iv) agriculture, (v) residential and commercial, and (v) waste. There exists a sector called fossil fuel fires (7A) in some countries (e.g. 
Kuwait) which is not taken into account in Figure 1(b). The total of this sector in each continent is the highest in Asia and accounts for less than 0.7%. 
e International marine and aviation are not taken into account in the transportation in Figure 1.  
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Table A2. The 34 targeted VOCs and the internal standard used for calibration of the TD-GC-MS together 
with their characteristic ions, loaded mass during calibration, retention time (RT), safe sampling volume 
(SSV), limit of detection (LOD), and limit of quantification (LOQ). 
VOCs Ions Mass RT SSV LOD* LOQ* 
  
(ng) (min) (L) (µg/m3) (µg/m3) 
Alkanes 
      
Hexane 41, 71, 86  32.5 7.4 3.2 0.08 0.27 
Heptane 70, 71, 100  34.2 15.2 17 0.04 0.15 
Octane 71, 85, 114  35.2 24.7 80 0.02 0.07 
Nonane 57, 85, 128  35.9 29.5 700 0.03 0.09 
Decane 75, 85, 142  36.8 33.0 2100 0.02 0.06 
Dodecane 57, 85, 156  37.0 35.5 63000 0.03 0.03 
Undecane 57, 85, 170 37.7 37.8 12500 0.01 0.09 
Cycloalkanes 
      
Methylcyclopentane 55, 70  37.4 9.0 n.a. 0.05 0.17 
Cyclohexane 84, 15  39.0 11.7 n.a. 0.04 0.14 
Aromatic hydrocarbons 
      
Benzene 52, 63, 77, 78 43.7 10.9 6 0.02 0.07 
Toluene 65, 91, 92  43.3 20.7 38 0.02 0.07 
Ethylbenzene 91, 106  43.4 27.6 180 0.01 0.03 
p-Xylenes 91, 105, 106  43.3 28.1 305 0.02 0.05 
Styrene 51, 78, 104  45.5 28.9 300 0.02 0.06 
n-Propylbenzene 91, 92, 120  43.1 31.2 850 0.01 0.03 
1,2,4-Trimethylbenzene 105, 120  44.5 32.6 1800 0.01 0.03 
Oxygenated compounds 
      
Aldehydes 
      
Hexanal 44, 56, 72, 82  41.7 22.8 50 0.13 0.43 
Heptanal 44, 70, 96  42.5 28.9 350 0.02 0.07 
Benzaldehyde  77, 105, 106  52.2 31.1 110 0.02 0.05 
Alcohols 
      
1-Butanol  28, 31, 33, 56  40.5 11.2 5 0.05 0.18 
2-Ethyl-1-hexanol  31, 56, 70, 83, 112  41.7 33.4 n.a. 0.1 0.33 
Ketones 
      
2-Butanone  72, 11  40.3 6.3 3.2 0.03 0.09 
2-Hexanone  43, 71, 85, 100 40.5 21.9 100 n.a. n.a. 
5-Nonanone  85, 100, 142  41.3 34.4 n.a. n.a n.a. 
Esters 
      
Ethyl acetate  61, 70, 88 45.1 7.5 27 0.05 0.18 
Table A2. The 34 targeted VOCs and the internal standard used for calibration of the TD-GC-MS together 
with their characteristic ions, loaded mass during calibration, retention time (RT), safe sampling volume 
(SSV), limit of detection (LOD), and limit of quantification (LOQ)  (cont). 
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VOCs Ions Mass RT SSV LOD* LOQ* 
  
(ng) (min) (L) (µg/m3) (µg/m3) 
Halogenated compounds 
      
Tetrachloromethane 117, 119, 121  79.5 11.3 6.2 0.01 0.04 
1,2-Dichloroethane 62, 64, 98, 100  220.2 9.4 5.4 0.05 0.17 
1,1,2-Trichlorotrifluoroethane 101, 103, 151, 153  78.5 4.6 n.a. 0.01 0.04 
Trichloroethylene  95, 97, 130, 132  73.0 14 5.5 0.02 0.07 
Tetrachloroethylene 131, 164, 166, 168  81.2 24.8 48 0.01 0.02 
Chlorobenzene  77, 112, 114  177.1 24 39 n.a n.a 
1,2,4-Trichlorobenzene  145, 180, 182, 184  72.8 37.4 n.a. n.a n.a 
Terpenes 
      
α-Pinene 92, 93, 121, 136   42.9 31.1 n.a. 0.03 0.09 
Limonene 68, 93, 107, 121, 136  42.0 33.9 1200 0.03 0.09 
Internal standard 
      
Toluene-d8 98, 100 47.2 20.2 n.a. n.a. n.a. 
n.a. = not available 
* LOD and LOQ are arithmetic mean values calculated based on a signal-to-noise ratio of 3 and 10 in 
chromatograms of real samples, respectively (See more Figure 5).  
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Table A3a. VOCs concentrations (µg/m3) measured at three sampling sites in Vietnam (D = detected, 
ND = not detected).  
Place Residence house, Hanoi, Vietnam (September, 2008) 
Date 9 9 10 10 14 14 
Time start 6h30 18h00 9h30 18h30 6h40 15h30 
Temperature (°C) 27.3 28.8 28.9 29.3 28 29.4 
Relative humidity (%) 74 73 74 71 70 73 
Alkanes       
Hexane 5.4 20.5 1.1 2.5 7.8 D 
Heptane 2.8 10.2 1.1 2.0 3.7 0.7 
Octane 0.9 2.7 0.5 0.7 0.9 0.3 
Nonane 0.5 1.4 0.5 0.5 0.5 0.2 
Decane 1.4 4.1 1.5 2.9 0.9 0.4 
Undecane 0.4 1.2 0.7 0.7 0.5 0.3 
Dodecane ND ND ND ND ND ND 
Total 11.4 40.1 5.5 9.3 14.3 1.9 
Cycloalkanes       
Methylcyclopentane 3.4 17.0 0.7 1.4 5.7 D 
Cyclohexane 1.0 5.3 D 1.0 1.6 D 
Total 4.4 22.3 0.7 2.4 7.3 D 
Aromatic hydrocarbons       
Benzene 6.8 20.9 2.6 3.4 11.1 2.1 
Toluene 15.6 48.0 9.4 19.6 22.4 4.7 
Ethylbenzene 3.5 7.7 1.8 2.7 3.3 0.8 
m,p-Xylenes 7.3 18.9 3.4 4.8 7.5 1.9 
Styrene 1.9 5.6 1.8 2.7 0.8 0.2 
n-Propylbenzene 0.4 0.9 0.2 0.3 0.4 0.1 
1,2,4-Trimethylbenzene 3.0 6.3 1.4 2.0 3.2 0.7 
Total 38.5 108.2 20.6 35.4 48.8 10.4 
Oxygenated compounds       
Aldehydes       
Hexanal 8.6 8.3 4.2 6.8 D 2.4 
Heptanal 1.1 2.0 0.9 1.4 D 0.5 
Benzaldehyde  3.9 7.3 3.4 4.5 2.2 3.3 
Total 13.6 17.5 8.4 12.7 2.2 6.2 
Alcohols       
1-Butanol  ND ND ND ND ND ND 
2-Ethyl-1-hexanol  19.8 20.9 13.0 21.6 6.8 9.9 
Total 19.8 20.9 13.0 21.6 6.8 9.9 
Ketones       
2-Butanone  2.4 5.3 2.3 4.1 2.0 D 
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2-Hexanone  ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND 
Total 2.4 5.3 2.3 4.1 2.0 <0.01 
Esters       
Ethyl acetate  2.4 5.1 1.0 3.1 3.1 D 
Total 2.4 5.1 1.0 3.1 3.1 <0.01 
Halogenated compounds       
Tetrachloromethane  0.8 0.2 0.2 0.3 0.3 0.2 
1,2-Dichloroethane ND ND ND ND ND ND 
1,1,2-
Trichlorotrifluoroethane 
0.4 0.3 0.2 0.4 0.3 D 
ric l r ethylene  D D D D D ND 
Tetrachloroethylene 0.04 0.2 0.1 ND ND ND 
Chlorobenzene ND ND ND ND ND ND 
1,2,4-Trichlorobenzene ND ND ND ND ND ND 
Total  0.7 0.7 0.5 0.6 0.6 0.2 
Terpenes       
α-Pinene 3.6 14.2 4.1 8.5 0.9 0.2 
Limonene 2.0 3.6 0.9 1.5 0.9 0.3 
Total  5.6 17.8 5.1 10.1 1.8 0.4 
TVOCs 99 238 57 99 87 29 
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Table A3a. (continued) VOCs concentrations (µg/m3) measured at three sampling sites in Vietnam (D 
= detected, ND = not detected). 
Place Cau Giay street, Hanoi, Vietnam (September 2008) 
Date 9 9 10 10 14 14 
Time start 8h00 16h15 7h20 17h00 8h45 16h15 
Temperature (°C) 29.9 30.0 29.2 30.1 29.6 31.6 
Relative humidity (%) 69 64 75 69 71 57 
Alkanes       
Hexane 37.6 23.5 34.4 38.0 26.5 17.4 
Heptane 24.9 14.2 30.3 24.7 20.4 14.6 
Octane 8.3 4.6 9.1 7.3 5.4 4.5 
Nonane 3.5 2.0 3.3 2.8 2.1 2.0 
Decane 3.2 2.4 3.2 3.2 2.2 2.1 
Undecane 2.0 1.4 2.2 1.8 1.6 1.4 
Dodecane ND ND ND ND ND ND 
Total 79.6 48.1 82.4 77.8 58.1 42.1 
Cycloalkanes       
Methylcyclopentane 20.6 11.5 22.1 20.7 15.9 11.8 
Cyclohexane 5.3 2.8 5.6 5.0 4.1 3.0 
Total 25.9 14.3 27.7 25.6 20.0 14.8 
Aromatic hydrocarbons       
Benzene 38.2 23.1 49.4 34.0 28.6 19.9 
Toluene 139.2 88.3 163.3 136.1 110.3 78.8 
Ethylbenzene 24.3 15.4 27.8 21.9 14.9 12.9 
m,p-Xylenes 81.7 46.3 89.8 69.5 47.9 44.0 
Styrene 3.9 2.6 5.5 3.1 2.2 1.9 
n-Propylbenzene 5.3 2.8 6.3 4.6 3.0 2.8 
1,2,4-Trimethylbenzene 34.1 18.5 40.9 29.7 19.0 17.8 
Total 326.7 196.9 382.9 298.8 225.9 178.0 
Oxygenated compounds       
Aldehydes       
Hexanal D D ND ND 3.4 D 
Heptanal D D ND D 2.0 1.3 
Benzaldehyde  6.2 7.9 7.8 7.1 8.8 4.8 
Total 6.2 7.9 7.8 7.1 14.2 6.1 
Alcohols       
1-Butanol  ND ND ND ND ND ND 
2-Ethyl-1-hexanol  4.8 1.8 2.3 7.5 2.8 ND 
Total 4.8 1.8 2.3 7.5 2.8 ND 
Ketones       
2-Butanone  4.6 2.3 2.7 5.1 2.8 1.7 
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2-Hexanone  ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND 
Total 4.6 2.3 2.7 5.1 2.8 1.7 
Esters       
Ethyl acetate  1.7 2.5 D 6.5 3.6 1.3 
Total 1.7 2.5 <0.01 6.5 3.6 1.3 
Halogenated compounds       
Tetrachloromethane  0.3 0.3 0.2 0.2 0.3 0.2 
1,2-Dichloroethane ND ND ND ND ND ND 
1,1,2-
Trichlorotrifluoroethane 
0.5 0.3 0.3 0.3 0.5 0.3 
ric l r ethylene  4.9 0.2 D D 4.4 D 
Tetrachloroethylene 0.03 0.1 0.05 ND ND ND 
Chlorobenzene ND ND ND ND ND ND 
1,2,4-Trichlorobenzene ND ND ND ND ND ND 
Total  5.8 0.9 0.6 0.5 5.1 0.5 
Terpenes       
α-Pinene D D D ND D D 
Limonene D D 0.7 0.7 0.7 0.5 
Total  <0.01 <0.01 0.7 0.7 0.7 0.5 
TVOCs 455 275 507 430 333 245 
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Table A3a. (continued) VOCs concentrations (µg/m3) measured at three sampling sites in Vietnam (D 
= detected, ND = not detected). 
Place Bach Thao  Garden, Hanoi, Vietnam (September 2008) 
Date 9 9 10 10 14 14 
Time start 9h00 15h45 8h30 15h30 9h15 17h15 
Temperature (°C)  29.9 29.6 28.7 28.9 29.5 29.9 
Relative humidity (%) 69 67 75 78 70 62 
Alkanes       
Hexane 1.1 3.8 1.0 1.7 1.2 1.8 
Heptane 0.7 2.9 1.0 1.2 1.0 1.6 
Octane 0.5 0.9 0.5 0.6 0.6 0.8 
Nonane 0.5 0.7 0.7 0.5 0.6 0.8 
Decane D 1.0 0.5 0.4 0.6 0.8 
Undecane 0.2 0.6 0.3 0.2 0.4 0.9 
Dodecane ND ND ND ND ND ND 
Total 3.0 9.9 4.0 4.5 4.4 6.7 
Cycloalkanes       
Methylcyclopentane 0.6 1.8 0.6 0.9 0.6 1.0 
Cyclohexane 0.3 0.3 0.1 D D D 
Total 0.9 2.2 0.7 0.9 0.6 1.0 
Aromatic hydrocarbons       
Benzene 2.8 3.6 2.7 2.5 3.3 3.5 
Toluene 7.4 16.2 9.5 7.3 10.3 11.9 
Ethylbenzene 0.9 2.9 2.2 2.0 1.7 1.7 
m,p-Xylenes 2.0 6.6 2.3 3.9 2.9 4.5 
Styrene 0.1 0.3 0.2 0.2 0.2 0.2 
n-Propylbenzene 0.1 0.4 0.3 0.2 0.2 0.3 
1,2,4-Trimethylbenzene 0.7 2.5 1.5 1.3 1.0 1.9 
Total 14.0 32.3 18.7 17.4 19.5 23.9 
Oxygenated compounds       
Aldehydes       
Hexanal 3.8 4.0 1.5 6.3 D 3.8 
Heptanal D 0.8 0.4 1.0 D 1.1 
Benzaldehyde  3.1 2.8 5.4 3.4 5.0 4.2 
Total 6.9 7.5 7.3 10.7 5.0 9.2 
Alcohols       
1-Butanol  ND ND ND ND ND ND 
2-Ethyl-1-hexanol  5.7 10.5 1.6 2.8 1.2 3.2 
Total 5.7 10.5 1.6 2.8 1.2 3.2 
Ketones       
2-Butanone  1.06 1.44 1.13 1.44 1.28 1.37 
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2-Hexanone  D D ND D ND ND 
5-Nonanone ND ND ND ND ND ND 
Total 1.1 1.4 1.1 1.4 1.3 1.4 
Esters       
Ethyl acetate  0.8 1.3 0.8 1.3 1.7 1.2 
Total 0.8 1.3 0.8 1.3 1.7 1.2 
Halogenated compounds       
Tetrachloromethane  0.2 0.2 0.2 0.2 0.3 0.3 
1,2-Dichloroethane ND ND ND ND ND ND 
1,1,2-
Trichlorotrifluoroethane 
0.3 0.3 0.3 0.4 0.4 0.4 
ric l r ethylene  D D D D D 4.9 
Tetrachloroethylene 0.1 0.1 0.5 0.1 ND ND 
Chlorobenzene ND ND ND ND ND ND 
1,2,4-Trichlorobenzene ND ND ND ND ND ND 
Total  0.7 0.6 1.0 0.7 0.6 5.5 
Terpenes       
α-Pinene 0.3 0.1 0.1 0.2 0.2 0.1 
Limonene D D ND D D 0.4 
Total  0.3 0.1 0.1 0.2 0.2 0.6 
TVOCs 33 66 35 40 34 53 
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Table A3b. VOCs concentrations (µg/m3) measured at three sampling sites in Belgium (D = detected, 
ND = not detected). 
Place Residence House, Ghent, Belgium (November 2008) 
Date 8 8 9 9 13 13 
Time start 6h30 18h05 6h45 17h55 6h05 15h30 
Temperature (°C)  22.0 23.0 22.0 23.0 22.5 23.5 
Relative humidity (%) 50 54 51 56 50 53 
Alkanes       
Hexane 0.4 0.1 0.1 0.4 0.5 0.5 
Heptane 0.5 0.3 0.4 0.6 0.4 0.7 
Octane 0.5 0.5 0.6 0.6 D D 
Nonane 0.3 0.3 0.3 0.3 0.4 0.4 
Decane D D D D 0.6 0.8 
Undecane 0.4 0.3 0.5 0.4 0.4 0.5 
Dodecane D D D D D D 
Total 2.1 1.4 1.8 2.3 2.4 2.8 
Cycloalkanes       
Methylcyclopentane ND ND ND ND ND ND 
Cyclohexane ND ND ND ND ND ND 
Total 0.00 0.00 0.00 0.00 0.00 0.00 
Aromatic hydrocarbons       
Benzene 1.0 2.1 0.6 10.5 0.9 7.1 
Toluene 3.2 3.6 1.6 11.8 3.6 12.8 
Ethylbenzene 0.6 0.5 0.4 1.5 0.6 1.7 
m,p-Xylenes 1.5 1.2 0.8 3.1 1.4 4.4 
Styrene 0.4 0.6 0.3 2.6 0.5 2.2 
n-Propylbenzene 0.1 0.1 0.1 0.2 0.1 0.2 
1,2,4-Trimethylbenzene 0.7 0.6 0.7 0.9 0.7 1.1 
Total 7.4 8.6 4.5 30.5 7.7 29.4 
Oxygenated compounds       
Aldehydes       
Hexanal 10.6 8.2 17.9 16.6 11.4 14.8 
Heptanal D D 2.5 2.8 1.4 2.1 
Benzaldehyde  3.3 2.9 3.9 4.4 3.3 4.1 
Total 13.9 11.2 24.3 23.8 16.1 21.0 
Alcohols       
1-Butanol  5.7 3.6 7.4 7.6 5.1 4.9 
2-Ethyl-1-hexanol  D 2.1 3.5 3.5 2.5 2.7 
Total 5.7 5.6 10.8 11.0 7.6 7.6 
Ketones       
2-Butanone  1.0 1.0 1.0 4.2 1.2 3.2 
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2-Hexanone  ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND 
Total 1.0 1.0 1.0 4.2 1.2 3.2 
Esters       
Ethyl acetate  1.7 0.8 1.4 2.1 8.9 5.8 
Total 1.7 0.8 1.4 2.1 8.9 5.8 
Halogenated compounds       
Tetrachloromethane  0.3 0.3 0.4 0.3 0.3 0.2 
1,2-Dichloroethane ND ND ND ND ND ND 
1,1,2-
Trichlorotrifluoroethane 
ND ND ND ND ND ND 
ric l r ethylene  ND ND ND ND ND ND 
Tetrachloroethylene 0.3 0.1 0.1 0.1 0.4 0.4 
Chlorobenzene ND ND ND ND ND ND 
1,2,4-Trichlorobenzene ND ND ND ND ND ND 
Total  0.6 0.4 0.5 0.4 0.6 0.6 
Terpenes       
α-Pinene 1.5 0.5 1.4 1.3 2.6 2.6 
Limonene 10.5 8.5 8.9 11.8 6.6 10.8 
Total  12.0 9.0 10.3 13.1 9.3 13.4 
TVOCs 44 38 54 87 54 84 
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Table A3b. (continued) VOCs concentrations (µg/m3) measured at three sampling sites in Belgium (D 
= detected, ND = not detected). 
Place Heuvelpoort Street, Ghent, Belgium (November 2008) 
Date 8th  8 9 9 13 13 
Time start 9h00 17h20 8h45 17h15 7h55 18h00 
Temperature (°C)  8.0 11.0 10.0 11.0 12.0 10.0 
Relative humidity (%) 79 74 80 75 79 76 
Alkanes       
Hexane 0.7 0.6 0.4 0.3 0.7 1.8 
Heptane 1.0 0.6 0.4 0.3 0.8 1.6 
Octane 0.4 0.4 0.3 0.2 0.5 0.7 
Nonane 0.2 0.3 0.3 0.3 0.5 0.5 
Decane D 0.2 D D 1.0 1.0 
Undecane D 0.2 D D 0.6 0.5 
Dodecane D D D D 0.56 0.47 
Total 2.2 2.2 1.4 1.1 4.6 6.5 
Cycloalkanes       
Methylcyclopentane ND ND ND ND ND ND 
Cyclohexane ND ND ND ND ND ND 
Total 0.00 0.00 0.00 0.00 0.00 0.00 
Aromatic hydrocarbons       
Benzene 1.9 1.8 1.3 1.0 2.3 3.6 
Toluene 11.7 7.1 7.0 3.2 13.6 21.5 Ethylbenzene 1.0 0.7 0.5 0.4 1.1 2.1 
m,p-Xylenes 2.8 2.1 1.5 1.2 3.7 6.7 
Styrene 0.2 0.2 0.1 0.1 0.7 0.5 
n-Propylbenzene 0.3 0.2 0.1 0.1 0.3 0.5 
1,2,4-Trimethylbenzene 1.6 1.3 0.7 0.6 1.4 3.1 
Total 19.4 13.3 11.2 6.5 23.0 38.0 
Oxygenated compounds       
Aldehydes       
Hexanal ND ND ND ND ND ND 
Heptanal ND D D ND 0.3 ND 
Benzaldehyde  4.1 4.4 3.4 3.0 4.8 5.4 
Total 4.1 4.4 3.4 3.0 5.1 5.4 
Alcohols       
1-Butanol  ND ND ND ND ND ND 
2-Ethyl-1-hexanol  ND ND ND ND ND ND 
Total 0.00 0.00 0.00 0.00 0.00 0.00 
Ketones       
2-Butanone  0.3 0.4 0.2 0.2 1.3 0.9 
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2-Hexanone  ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND 
Total 0.3 0.4 0.2 0.2 1.3 0.9 
Esters       
Ethyl acetate  0.3 0.3 0.5 0.3 1.6 2.4 
Total 0.3 0.3 0.5 0.3 1.6 2.4 
Halogenated compounds       
Tetrachloromethane  ND ND ND ND ND ND 
1,2-Dichloroethane ND ND ND ND ND ND 
1,1,2-
Trichlorotrifluoroethane 
ND ND ND ND ND ND 
ric l r ethylene  ND ND ND ND ND ND 
Tetrachloroethylene 0.1 0.1 0.1 0.03 ND 0.1 
Chlorobenzene ND ND ND ND ND ND 
1,2,4-Trichlorobenzene ND ND ND ND ND ND 
Total  0.1 0.1 0.01 0.03 0.00 0.1 
Terpenes       
α-Pinene D D 0.08 D 1.0 0.4 
Limonene D D D D 0.4 0.3 
Total  0.00 0.00 0.1 0.00 1.4 0.7 
TVOCs 27 21 17 11 37 54 
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Table A3b. (continued) VOCs concentrations (µg/m3) measured at three sampling sites in Belgium (D 
= detected, ND = not detected). 
Place The Blaarmeersen, Ghent, Belgium (November 2008) 
Date 8 8 9 9 13 13 
Time start 8h00 16h00 7h45 15h35 9h00 16h45 
Temperature (°C)  7.0 11.0 10.0 12.0 8.8 11.5 
Relative humidity (%) 88 71 91 70 90 69 
Alkanes       
Hexane 0.3 0.1 0.1 0.1 1.0 0.2 
Heptane 0.2 0.1 0.1 0.1 0.6 0.3 
Octane 0.2 0.2 0.1 0.1 0.3 0.2 
Nonane 0.2 0.2 0.2 0.2 0.3 0.2 
Decane 0.2 D D D 0.7 0.3 
Undecane 0.2 D 0.1 D 0.5 0.2 
Dodecane D D 0.86 D D D 
Total 1.3 0.6 1.4 0.4 3.5 1.2 
Cycloalkanes       
Methylcyclopentane ND ND ND ND ND ND 
Cyclohexane ND ND ND ND ND ND 
Total 0.00 0.00 0.00 0.00 0.00 0.00 
Aromatic hydrocarbons       
Benzene 0.9 0.6 0.4 0.4 1.9 0.8 
Toluene 4.2 0.6 0.7 0.4 13.6 2.3 
Ethylbenzene 0.3 0.1 0.1 0.1 0.9 0.4 
m,p-Xylenes 1.0 0.2 0.2 0.2 3.4 1.4 
Styrene 0.1 0.1 0.1 0.03 0.8 0.3 
n-Propylbenzene 0.1 0.02 D D 0.2 0.1 
1,2,4-Trimethylbenzene 0.3 0.1 0.1 0.1 0.9 0.3 
Total 6.7 1.7 1.4 1.1 21.6 5.6 
Oxygenated compounds       
Aldehydes       
Hexanal ND ND ND ND ND ND 
Heptanal ND D 0.4 D ND ND 
Benzaldehyde  2.1 1.8 2.0 1.6 4.0 2.8 
Total 2.1 1.8 2.3 1.6 4.0 2.8 
Alcohols       
1-Butanol  ND ND ND ND ND ND 
2-Ethyl-1-hexanol  ND ND ND ND ND ND 
Total 0.00 0.00 0.00 0.00 0.00 0.00 
Ketones       
2-Butanone  0.4 0.3 0.3 0.3 1.2 0.6 
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2-Hexanone  ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND 
Total 0.4 0.3 0.3 0.3 1.2 0.6 
Esters       
Ethyl acetate  0.3 D 0.2 D 1.1 0.4 
Total 0.3 <0.01 0.2 <0.01 1.1 0.4 
Halogenated compounds      
Tetrachloromethane  0.4 0.4 0.3 0.3 0.4 0.4 
1,2-Dichloroethane ND ND ND ND ND ND 
1,1,2-
Trichlorotrifluoroethane 
ND ND ND ND ND ND 
ric l r ethylene  ND ND ND ND ND ND 
Tetrachloroethylene 0.3 0.04 0.04 0.02 0.8 0.1 
Chlorobenzene ND ND ND ND ND ND 
1,2,4-Trichlorobenzene ND ND ND ND ND ND 
Total  0.7 0.5 0.4 0.4 1.2 0.5 
Terpenes       
α-Pinene D D 0.1 D 5.3 0.6 
Limonene D D ND ND 0.5 D 
Total  <0.01 <0.01 0.06 <0.01 5.8 0.6 
TVOCs 12 5 6 4 38 12 
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Table A3c. VOCs concentrations (µg/m3) measured at three sampling sites in Ethiopia (D = detected, 
ND = not detected). 
Place Kulober street, Jimma, Ethiopia (August 2010) 
Date 27 27 27 27 27 27 
Time start 8h00 10h00 12h00 14h00 16h00 18h00 
Temperature (°C)  16.8 18.3 20.5 18.7 18.5 20.0 
Relative humidity (%) 97 90 79 82 80 74 
Alkanes       
Hexane 2.2 1.0 5.1 6.2 5.6 4.9 
Heptane 1.7 0.8 4.4 5.0 4.3 4.4 
Octane 1.6 0.8 3.0 2.9 2.4 2.2 
Nonane 2.4 1.5 5.6 3.4 3.3 3.2 
Decane 2.8 1.4 8.6 3.0 5.0 4.6 
Undecane 2.4 1.2 5.4 2.8 4.1 3.6 
Dodecane 1.5 0.7 2.0 2.0 2.0 1.8 
Total 14.5 7.2 34.1 25.3 26.7 24.8 
Cycloalkanes       
Methylcyclopentane 1.4 0.5 3.2 4.0 3.5 3.0 
Cyclohexane D D D D D D 
Total 1.4 0.5 3.2 4.0 3.5 3.0 
Aromatic hydrocarbons       
Benzene 6.5 6.4 11.3 15.2 12.5 13.6 
Toluene 9.2 4.3 17.2 20.1 18.3 17.3 
Ethylbenzene 2.2 0.8 4.3 5.0 4.3 4.1 
m,p-Xylenes 8.4 2.6 14.7 19.1 16.2 15.4 
Styrene 0.5 0.4 0.7 1.0 0.7 0.9 
n-Propylbenzene 0.8 0.3 1.8 1.7 1.4 1.4 
1,2,4-Trimethylbenzene 5.1 1.6 10.2 10.6 9.9 9.3 
Total 32.7 16.5 60.2 72.6 63.2 61.9 
Oxygenated compounds       
Aldehydes       
Hexanal D D D ND ND D 
Heptanal D D D D D D 
Benzaldehyde  2.9 4.0 2.9 5.5 2.5 2.8 
Total 2.9 4.0 2.9 5.5 2.5 2.8 
Alcohols       
1-Butanol  ND ND ND ND ND ND 
2-Ethyl-1-hexanol  ND ND ND ND ND ND 
Total <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ketones       
2-Butanone  ND ND ND ND ND ND 
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2-Hexanone  ND ND ND ND ND ND 
5-Nonanone D ND D D D D 
Total <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Esters       
Ethyl acetate  0.3 0.3 D 0.6 0.6 D 
Total 0.3 0.3 <0.01 0.6 0.6 <0.01 
Halogenated compounds       
Tetrachloromethane  ND ND ND ND ND ND 
1,2-Dichloroethane ND D ND ND ND ND 
1,1,2-
Trichlorotrifluoroethane 
ND ND ND ND ND ND 
ric l r ethylene  ND ND ND ND ND ND 
Tetrachloroethylene ND 0.2 ND ND 0.02 ND 
Chlorobenzene D D D ND ND ND 
1,2,4-Trichlorobenzene D D ND ND ND ND 
Total  <0.01 0.2 <0.01 <0.01 0.02 <0.01 
Terpenes       
α-Pinene 0.4 0.2 0.3 0.5 0.3 0.4 
Limonene 1.1 0.5 0.8 0.9 1.4 1.8 
Total  1.5 0.7 1.1 1.4 1.7 2.2 
TVOCs 53 29 101 109 98 95 
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Table A3c. (continued) VOCs concentrations (µg/m3) measured at three sampling sites in Ethiopia (D 
= detected, ND = not detected). 
Place Meskel Street, Addis Ababa, Ethiopia (September 2010) 
Date 8 8 8 8 8 8 
Time start 8h00 10h00 12h00 14h00 16h00 18h00 
Temperature (°C)  15.4 17.9 20.6 21.4 19.8 15.8 
Relative humidity (%) 85 78 68 62 67 83 
Alkanes       
Hexane 2.7 2.1 3.7 6.4 15.6 12.1 
Heptane 2.5 2.1 3.1 5.7 14.0 12.8 
Octane 1.6 1.9 2.4 5.3 7.0 8.4 
Nonane 2.7 3.7 3.1 6.4 8.4 10.6 
Decane 2.4 2.0 2.4 5.7 9.5 10.5 
Undecane 2.2 1.8 2.4 5.4 9.8 9.7 
Dodecane 1.9 1.4 2.0 4.6 9.4 8.4 
Total 15.9 15.0 19.1 39.4 73.6 72.4 
Cycloalkanes       
Methylcyclopentane 1.8 0.9 2.0 3.4 10.8 8.1 
Cyclohexane D D D D 2.3 D 
Total 1.8 0.9 2.0 3.4 13.0 8.1 
Aromatic hydrocarbons       
Benzene 9.0 5.4 8.7 14.3 38.0 34.3 
Toluene 13.3 9.7 16.9 52.0 78.7 73.9 
Ethylbenzene 2.9 2.4 4.6 7.7 12.8 15.2 
m,p-Xylenes 11.2 8.4 17.5 28.1 47.9 57.9 
Styrene 2.3 0.3 0.7 1.1 2.4 3.2 
n-Propylbenzene 1.0 0.8 1.5 2.4 4.3 5.0 
1,2,4-Trimethylbenzene 7.2 4.9 10.3 15.7 30.9 36.8 
Total 47.0 31.7 60.0 121.3 215.1 226.3 
Oxygenated compounds       
Aldehydes       
Hexanal ND D ND 8.0 ND ND 
Heptanal D D D 2.83 ND ND 
Benzaldehyde  3.1 4.8 4.2 7.5 4.0 4.9 
Total 3.1 4.8 4.2 18.3 4.0 4.9 
Alcohols       
1-Butanol  ND ND ND ND ND ND 
2-Ethyl-1-hexanol  ND ND ND ND ND ND 
Total <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ketones 
 
 
      
2-Butanone  ND ND ND ND ND ND 
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2-Hexanone  ND ND ND ND ND ND 
5-Nonanone D D D D D D 
Total <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Esters       
Ethyl acetate  D 0.4 0.2 1.4 D 1.5 
Total <0.01 04 0.2 1.4 <0.01 1.5 
Halogenated compounds       
Tetrachloromethane  ND ND ND ND ND ND 
1,2-Dichloroethane ND ND ND D 0.2 0.2 
1,1,2-
Trichlorotrifluoroethane 
ND ND ND ND ND ND 
ric l r ethylene  ND ND ND ND ND ND 
Tetrachloroethylene 1.3 1.7 3.0 0.8 0.5 1.2 
Chlorobenzene ND ND ND D D D 
1,2,4-Trichlorobenzene ND ND ND ND ND ND 
Total  1.3 1.7 3.0 0.8 0.6 1.4 
Terpenes       
α-Pinene D D D 0.6 1.0 0.9 
Limonene D D D 14.9 2.4 2.3 
Total  <0.01 <0.01 <0.01 15.5 3.4 3.2 
TVOCs 69 55 88 200 310 318 
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Table A4. An overview of the nine sampling campaigns in the seven cities of the four selected countries (H: House; St: Street; P: Park; A1 and A2: two 
residential outdoor sites surrounded by local industrial activities as described in Section 3.2.2.1). 
Countrya Sampling 
campaign 
City Site Date of sampling 
(dd/mm/yyyy) 
Latitudeb Longitudeb 
Ethiopia 
      
Population: 96633458 (July, 2014) 
Population density: 87  
Country population comparison to the 
world: 14  
Urban population: 17% (2011)  
Rate of urbanization: 3.57% per year  
Urban (Et1) Mekelle H 16, 18, 21/07/2012 N13° 29' 47.21" E39° 29' 0.03"  
Population: 
219818  
St 16, 18, 21/07/2012 N13° 29' 47.18" E39° 28' 28.52" 
 
Population 
density: 9000 
P 16, 18, 21/07/2012 N13° 29' 54.04" E39° 29' 5.15" 
Airport (Et2) Mekelle  H 17,19,22/07/2012 N13° 28' 23.10" E39° 32' 3.67"   
St 17,19,22/07/2012 N13° 28' 23.27" E39° 32' 3.55"   
P 17,19,22/07/2012 N13° 28' 23.34" E39° 31' 49.73" 
Vietnam 
      
Population: 93421835 (July, 2014) 
Population density: 282  
Country population comparison to the 
world: 15 
Urban population: 31% (2011) 
Rate of urbanization: 3.03% per year 
Urban(Vn1) Ha Giang H 11, 12, 13/08/2011 N21° 2' 19.65" E105° 47' 7.71"  
Population: 
771200 
St 11, 12, 13/08/2011 N21° 1' 48.59" E105° 48' 3.16" 
 
Population 
density: 97  
P 11, 12, 13/08/2011 N21° 2' 23.87" E105° 50' 0.48" 
Urban (Vn2) Ninh Binh H 05, 06, 08/02/2014 N20° 15' 9.38" E105° 58' 37.21"  
Population: 
927000 
St 05, 06, 08/02/2014 N20° 15' 2.74" E105° 58' 27.88" 
 
Population 
density: 673 
P 05, 06, 08/02/2014 N20° 15' 40.14" E105° 58' 51.57" 
Urban (Vn3) Hanoi H 07, 08, 09/08/2011 N22° 47' 31.07" E104° 58' 22.55"  
Population: 
6936900  
St 07, 08, 09/08/2011 N22° 49' 15.80" E104° 58' 53.81" 
 
Population 
density: 2087 
P 07, 08, 09/08/2011 N22° 49' 27.48" E104° 58' 52.55" 
Philippines 
      
Population: 107668231 (July, 2014) 
Population density:361 
 
Country population comparison to the 
world:13 
Urban (Ph1) Manila  H 25, 26/08/2011  
03/09/2011 
N14° 32' 9.74" E121° 0' 9.51"  
Population: 
1652171 
 
 
Population 
density: 42857 
St 25, 26/08/2011 
03/09/2011 
N14°32' 14.92" E121°0'3.20" 
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Urban population: 48.8% (2011) 
Rate of urbanization: 2.16% per year 
 
 
 
  
P 25, 26/08/2011 
03/09/2011 
N14°35' 3.40" E120°58'51.9"    
Industrial 
(Ph2) 
Laguna                                                   H 10, 12, 13/09/2011 N14°11' 34.32" E121°09' 23.46" 
 
Population: 
2669847 
A1 10, 12, 13/09/2011 N14°11' 40.34" E121°09' 35.80" 
 
Population 
density: 1392  
A2 14, 15, 16/09/2011 N14°17' 53.49" E121°04' 47.58" 
Bangladesh 
Population: 166280712 (July 2014) 
Population density: 1155 
Country population comparison to the 
world: 9 
Urban population: 28.4% (2011) 
Rate of urbanization: 2.96% per year  
Urban (Bd1) Dhaka H 06, 09, 10/09/2011 N23°45'40.45" E90°23'15.97"  
Population: 
15391000 
St 06, 09, 10/09/2011 N23°45'31.53" E90°23'23.31" 
 
Population 
density: 10516 
P 06, 09, 10/09/2011 N23°45'59.35" E90°22'44.44" 
Industrial 
(Bd2) 
Dhaka H 26, 28, 29/08/2011 N23°45'17.19" E90°23'54.71" 
  
A1 26, 28, 29/08/2011 N23°46'8.45" E90°24'4.00"   
A2 26, 28, 29/08/2011 N23°45'42.62" E90°23'57.89" 
a https://www.cia.gov/library/publications/the-world-factbook/); b http://itouchmap.com/latlong.html
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Table A5. Information on calibration and general qualitative/quantitative analysis results of 52 VOCs 
[SIM: Selective ion monitoring; RT: Retention time; DF: Detection frequency; QF: Quantification 
frequency; LOD: Limit of detection; Internal standard: Toluene d8; for clarification reason, the 
information on calibration of the eight VOCs that are never detected in any sample are excluded (See 
more Table 15)]. The given LOD for each VOC is an arithmetic mean value calculated based on the S/N 
ratio of 3. 
 
VOCs Ions (SIM) Massa 
(ng) 
RTb 
(min) 
DF 
(%) 
QF (%) LOD×102 
(µg/m3) 
(Cyclo)-alkanes       
Methylcyclopentane 55, 70 37.4 7.2 91 70 0.61 
Cyclohexane 84, 15 38.9 9.3 78 77 0.43 
Hexane 41, 71, 86 32.9 5.9 59 59 0.18 
Heptane 70, 71, 100 34.2 12.6 99 97 0.63 
Octane 71, 85, 114 35.1 22.3 100 100 0.99 
Nonane 57, 85, 128 35.9 28.3 97 97 0.67 
Decane 75, 85, 142 36.5 31.7 90 87 0.28 
Undecane 57, 85, 156 37.0 34.4 90 89 0.16 
Dodecane 57, 85, 170 37.6 36.6 91 83 0.42 
Aromatic compounds      
Benzene 52,63,77,78 43.7 8.7 100 100 0.16 
Toluene 65, 91, 92 43.3 17.9 100 100 0.08 
Ethylbenzene 91, 106 43.3 25.9 100 100 0.12 
o-Xylene 91, 105, 106 43.9 27.5 100 100 0.05 
m,p-xylenes 91, 105, 106 43.4 26.4 100 99 0.10 
Styrene 51, 78, 104 45.4 27.3 99 98 0.27 
n-Propylbenzene 91, 92, 120 43.1 30.0 99 95 0.34 
1,2,4-
Trimethylbenzene 105, 120 44.0 31.4 100 96 0.61 
Benzaldehyde 77, 105, 106 52.5 29.7 98 98 0.45 
Phenol 65, 66, 94 53.5 30.7 94 94 0.75 
Benzonitrile 76, 103, 104 50.5 30.3 72 72 0.93 
Oxygenated compounds      
Butanal 41, 44, 45, 72 40.9 4.9 74 64 0.25 
Hexanal 44, 56, 72, 82 40.8 20.3 65 60 0.25 
Heptanal 44, 70, 96 41.0 27.5 43 33 0.42 
3-Methylbutanal 41, 42, 43, 58, 71, 86 39.8 7.8 46 42 0.30 
1-Butanol  28,31,33,56 40.5 8.9 4 4 2.41 
1-Pentanol 29, 31, 55, 75, 70 40.6 20.7 17 0 n.a. 
2-Ethyl-1-hexanol 31, 56, 70, 83, 112 41.7 32.2 87 73 0.24 
1-Octanol 68, 69, 70, 83, 84, 112 41.4 33.3 91 89 0.24 
3-Methyl-1-Butanol 29, 31, 42, 70 40.0 15.0 33 30 0.13 
2-Butanon (MEK) 72, 11 40.3 5.0 98 98 0.59 
2-Hexanone 43, 71, 85, 100 40.6 19.4 46 44 0.22 
2-Heptanone 43, 71, 85, 100 41.0 27.0 56 47 0.11 
2-Octanone 58, 113, 128 41.0 30.9 6 6 0.07 
5-Nonanone 85, 100, 142 41.0 33.3 43 43 0.13 
5-Methyl-3-Heptanon 85, 100, 142 41.2 29.3 26 26 0.51 
Acetophenone 77, 105, 120 51.5 33.1 98 98 0.65 
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Ethylacetate 61, 70, 88 45.1 6.0 64 64 0.57 
n-Propylacetate 61, 73 44.0 12.7 23 23 0.64 
Methylbenzoate 77, 105, 136 54.0 33.9 1 1 0.02 
2-Methylfuran 53, 81, 82 45.5 5.7 59 47 0.61 
Tetrahydrofuran 41, 71, 72 44.5 6.7 4 2 0.22 
Halogenated compounds      
Tetrachloromethane 117,119,121 79.7 9.1 100 100 0.86 
1,2-Dichloroethane  62, 64, 98, 100 62.7 7.3 22 14 1.23 
1,2-Dichloropropane 62, 64, 98, 100 57.8 36.3 40 38 0.89 
Trichloroethylene 95, 97, 130, 132 73.0 11.7 29 15 0.37 
Tetrachloroethylene 95,97,130,132 81.2 22.4 15 15 0.48 
Chlorobenzene 131, 164, 166, 168 55.4 24.8 1 1 0.36 
1,3-Dichlorobenzene 74, 75,111, 146, 148 64.4 31.6 45 35 1.65 
Terpenes       
α-Pinene 92, 93, 121, 136 42.9 29.7 88 74 0.75 
Limonene 68, 93, 107, 121, 136 43.5 34.1 99 88 0.11 
Linalool 71, 93, 121, 136 43.5 34.1 28 28 0.27 
Internal standard  98, 100 47.0 17.5    
 
a Mass (ng) loaded on the sorbent tube during calibration. 
 
b Desorption of the analytes was performed by heating the tube at 50 °C (for 1 min) followed by 260 
°C (10 min at 20 ml/min). Next, analytes were refocused on a microtrap filled with Tenax, cooled at 
−10 °C. After flash-heating of the microtrap at 280 °C for 3 min, analytes were carried by a He-flow 
(constant pressure: 50 kPa) and injected onto a 30 m FactorFour VF-1ms low bleed bounded phase 
capillary GC column. The flow path was heated to 130 °C. The GC oven temperature was initially set 
at 35 °C, then heated to 60 °C at a rate of 2 °C/min. Afterwards the temperature was increased to 170 
°C at 8 °C/min and finally to 240 °C (at 15 °C/min). The final temperature was maintained for 10 min. 
The MS-transferline was heated to 240 °C. The ion source was put at 220 °C. 
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Table A6. Concentration levels of 52 VOCs (µg/m³) in both urban and industrial locations in the four studied countries [D: Detected; ND: Not 
Detected; the SSV of 2-methylfuran and tetrahydrofuran are not documented, so their concentrations are put as Q (i.e. quantified); LOD and 
other information: see Table A4; Ambient1 and Ambient2: two residential outdoor sites surrounded by local industrial activities as described in 
Section 3.2.2.1).  
Sampling campaign Urban Mekelle, Ethiopia Urban Mekelle, Ethiopia Urban Mekelle, Ethiopia 
Abbreviation Et1 Et1 Et1 
Indoor/Outdoor House Street Park 
Temperature (°C) 24 25 22 24 22 25 23 30 20 24 20 22 20 25 20 22 20 25 
Humidity (%) 64 55 74 61 75 64 59 63 78 62 77 64 76 52 80 63 75 64 
Compound name                   
Methylcyclopentane D 1.0 D D 0.7 D D 0.9 1.4 1.1 1.2 2.2 D D D D D D 
Cyclohexane <0.1 <0.1 <0.1 <0.1 <0.1 D 0.8 0.3 0.4 0.3 0.3 0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Hexane 0.1 0.1 0.1 0.1 0.2 0.1 1.4 0.5 1.0 0.7 0.6 1.2 0.2 0.1 0.1 0.1 0.1 <0.1 
Heptane 0.2 0.2 0.2 0.3 0.2 0.1 4.7 0.8 1.5 1.3 1.2 2.0 <0.1 0.1 0.1 0.1 0.1 <0.1 
Octane 0.4 0.3 0.2 0.3 0.3 0.3 1.4 0.7 0.8 0.8 0.7 1.4 0.1 0.2 0.1 0.1 0.2 0.1 
Nonane 0.3 0.2 0.2 0.3 0.2 0.5 2.7 0.9 0.9 0.8 0.6 4.3 0.2 0.3 0.1 0.2 0.3 0.2 
Decane 0.1 0.1 0.1 0.2 0.1 0.2 2.2 0.9 0.8 0.7 0.5 4.5 0.1 0.1 <0.1 ND 0.1 0.1 
Undecane D 0.2 0.1 0.1 0.1 0.1 1.3 0.4 0.3 0.3 0.2 1.0 <0.1 0.1 <0.1 ND <0.1 <0.1 
Dodecane 0.1 0.1 0.1 0.3 0.1 0.3 2.5 0.8 0.4 0.5 0.4 1.6 <0.1 0.1 <0.1 ND 0.1 <0.1 
∑(Cyclo)-alkanes 1.2 2.3 1.0 1.7 1.9 1.6 16.9 6.2 7.4 6.4 5.6 18.8 0.7 0.9 0.6 0.5 1.0 0.6 
Benzene 2.3 4.5 2.3 9.1 5.3 0.7 5.6 1.9 3.7 3.2 3.2 4.8 0.6 0.5 1.2 0.2 2.3 0.4 
Toluene 2.2 3.4 1.3 4.3 2.4 1.5 50.7 8.8 10.5 9.8 7.6 13.1 0.3 0.5 1.0 0.8 2.0 0.3 
Ethylbenzene 0.2 0.4 0.1 0.3 0.3 0.1 4.0 1.7 2.6 2.5 2.0 8.7 0.1 0.1 0.1 <0.1 0.3 0.1 
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o-Xylene 0.3 0.3 0.2 0.4 0.2 0.2 4.3 2.1 3.1 3.1 2.6 4.2 0.1 0.1 0.2 <0.1 0.3 0.1 
m,p-xylenes 0.7 0.8 0.3 1.1 0.6 0.3 16.6 5.3 7.4 7.5 5.8 9.6 0.2 0.3 0.4 0.1 0.7 0.2 
Styrene 0.2 0.8 0.2 0.3 0.4 0.1 0.5 0.3 0.3 0.3 0.3 0.6 0.1 0.2 0.1 0.1 0.7 0.1 
n-Propylbenzene 0.1 0.1 <0.1 0.1 <0.1 <0.1 0.4 0.3 0.5 0.5 0.4 0.8 <0.1 <0.1 <0.1 D <0.1 <0.1 
1,2,4-Trimethylbenzene 0.3 0.3 0.1 0.4 0.2 0.2 2.5 2.0 3.0 2.7 2.4 5.3 0.1 0.1 0.2 D 0.3 0.1 
Benzaldehyde 0.8 1.2 0.8 1.0 0.9 0.7 2.3 1.2 1.1 1.3 1.5 1.4 0.6 0.9 1.1 1.1 1.2 0.7 
Phenol 0.9 2.1 0.6 1.5 1.0 0.5 1.3 0.4 ND 0.4 0.3 0.5 <0.1 0.2 0.4 0.2 0.5 0.1 
Benzonitrile 0.2 0.4 0.2 0.7 0.4 0.2 0.3 0.3 0.2 0.2 0.3 0.3 0.1 0.1 0.3 0.2 0.4 0.1 
∑ Aromatic VOCs 8.2 14.3 6.4 19.2 11.7 4.5 88.5 24.3 32.4 31.3 26.4 49.5 2.2 3.1 5.1 2.8 8.7 2.2 
Butanal 0.2 0.3 0.1 0.1 0.2 <0.1 2.8 0.2 0.4 0.1 0.2 0.2 0.1 ND 0.1 0.1 0.1 ND 
Hexanal 1.2 1.0 0.7 0.5 0.8 0.7 2.1 0.2 ND 0.1 ND ND ND ND 0.5 ND <0.1 ND 
Heptanal 0.3 0.3 0.3 0.1 0.2 0.2 0.7 D ND D D ND ND ND 0.2 <0.1 D ND 
3-Methylbutanal 0.4 0.7 ND 0.4 0.4 ND 0.7 0.2 ND 0.2 0.2 0.1 ND 0.1 D D 0.3 D 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Pentanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Ethyl-1-hexanol 0.6 0.4 0.2 0.1 0.4 ND 3.6 ND ND ND ND 0.7 ND ND 0.5 0.3 0.2 0.3 
1-Octanol 0.3 0.4 0.2 0.4 0.4 0.2 1.4 0.6 ND 0.3 0.2 0.8 ND 0.1 0.6 0.3 0.9 <0.1 
3-Methyl-1-butanol 0.7 D D D 0.4 0.3 0.5 0.3 ND 0.5 ND ND ND ND ND ND ND ND 
2-Butanone (MEK) 0.4 1.3 0.4 0.7 0.7 0.2 2.1 0.3 0.6 0.5 0.4 0.7 0.2 0.1 0.3 0.3 0.3 0.1 
2-Hexanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Heptanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Octanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Methyl-3-heptanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
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Acetophenone 0.5 0.5 0.4 0.5 0.4 0.3 1.8 0.8 0.7 1.0 0.8 1.1 0.2 0.5 0.4 0.4 0.4 0.4 
Ethylacetate 0.2 1.1 ND 1.0 0.3 ND 31.2 0.5 ND 1.2 ND 0.6 ND ND ND ND 0.1 ND 
n-Propylacetate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.2 ND 0.5 ND 
2-Methylfuran Q Q Q Q Q Q Q Q Q D D D Q Q Q Q Q Q 
Tetrahydrofuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 4.9 6.0 2.3 3.8 4.3 2.0 47.0 3.2 1.6 4.0 1.7 4.3 0.5 0.8 2.7 1.5 2.8 0.8 
Tetrachloromethane 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.4 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3 
1,2-Dichloroethane  0.1 D <0.1 0.1 <0.1 0.1 0.6 1.6 0.1 0.3 0.1 0.6 D <0.1 D D 0.1 <0.1 
1,2-Dichloropropane <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 D 0.1 <0.1 
Trichloroethylene D D D <0.1 D ND 0.7 D D D D D ND ND D ND D ND 
Tetrachloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Chlorobenzene ND ND ND ND ND ND 0.5 0.1 ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Halogenated VOCs 0.3 0.2 0.2 0.3 0.2 0.3 2.3 1.9 0.8 0.6 0.4 0.9 0.2 0.3 0.4 0.3 0.4 0.3 
alfa-Pinene 0.2 0.2 0.5 0.3 0.3 0.1 0.1 0.1 0.1 0.1 <0.1 0.1 <0.1 0.1 0.2 0.1 0.1 0.2 
Limonene 0.4 0.3 0.3 0.5 0.3 0.4 0.7 0.6 0.8 0.9 0.3 2.8 <0.1 0.1 0.2 0.1 0.1 0.1 
Linalool ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Terpenes 0.6 0.5 0.8 0.8 0.7 0.6 0.8 0.7 0.9 1.0 0.3 2.9 0.1 0.3 0.3 0.1 0.2 0.3 
TVOCs 15 23 11 26 19 9 156 36 43 43 34 76 4 5 9 5 13 4 
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Sampling campaign Airport Mekelle, Ethiopia Airport Mekelle, Ethiopia Airport Mekelle, Ethiopia 
Abbreviation Et2 Et2 Et2 
Indoor/Outdoor House Ambient1 Ambient2 
Temperature (°C) 24 21 23 24 23 24 24 26 22 25 22 22 21 20 19 23 20 22 
Humidity (%) 68 70 65 62 63 62 60 51 64 59 61 64 74 69 74 61 67 60 
Compound name                   
Methylcyclopentane D D D D D 1.0 0.5 D D D 0.3 D D D D D D D 
Cyclohexane <0.1 <0.1 <0.1 ND <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Hexane 0.2 0.2 0.1 0.1 0.2 0.4 0.1 ND 0.1 0.1 ND <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 
Heptane 0.4 0.3 0.1 0.3 0.4 0.7 0.5 0.2 0.2 0.2 0.6 0.1 D <0.1 D D D ND 
Octane 0.4 0.6 0.3 0.5 0.5 0.6 1.0 0.3 0.2 0.5 2.0 0.2 0.1 0.1 0.1 0.1 0.1 <0.1 
Nonane 0.2 0.3 0.2 0.3 0.3 0.5 1.7 0.4 0.3 0.6 3.7 0.4 0.1 0.2 0.1 0.1 0.1 0.1 
Decane 0.1 0.1 0.1 0.1 0.1 0.3 0.9 0.2 0.2 0.4 4.1 0.3 <0.1 0.1 ND ND ND ND 
Undecane <0.1 ND 0.1 0.1 0.1 0.2 0.4 0.1 0.1 0.2 1.6 0.1 <0.1 <0.1 ND ND ND ND 
Dodecane 0.1 0.1 0.1 0.2 0.2 0.5 0.6 0.2 0.1 0.4 2.4 0.2 0.1 <0.1 ND ND ND ND 
∑(Cyclo)-alkanes 1.4 1.6 1.1 1.6 1.8 4.3 5.7 1.5 1.1 2.3 14.8 1.3 0.4 0.5 0.2 0.3 0.3 0.2 
Benzene 14.0 25.6 0.4 15.9 18.4 35.8 0.7 0.7 0.4 0.4 0.9 0.4 0.3 0.3 0.3 0.2 0.2 0.3 
Toluene 9.0 10.8 0.3 6.2 8.6 16.9 1.4 1.0 0.4 0.8 1.3 0.6 0.2 0.8 0.1 0.4 0.1 <0.1 
Ethylbenzene 0.9 0.7 0.1 0.7 0.9 1.9 0.2 0.2 0.1 0.1 0.4 0.1 0.1 0.1 <0.1 0.1 0.1 <0.1 
o-Xylene 1.0 0.9 0.1 0.8 1.0 2.3 0.2 0.1 0.1 0.1 0.7 0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 
m,p-Xylenes 3.1 3.2 0.2 2.4 3.1 6.8 0.6 0.3 0.2 0.2 1.9 0.2 0.1 0.2 <0.1 0.1 0.1 D 
Styrene 0.5 0.4 0.1 0.4 0.5 1.3 0.2 0.2 0.1 0.1 0.2 0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 
n-Propylbenzene 0.1 0.1 D 0.2 0.2 0.2 0.1 <0.1 <0.1 0.1 0.3 <0.1 D <0.1 D D D D 
1,2,4-Trimethylbenzene 0.5 0.6 D 0.7 0.9 2.1 0.5 0.2 0.1 0.2 2.4 0.2 D 0.1 D D D D 
180 
 
 
Benzaldehyde 1.1 1.5 1.2 2.1 1.9 3.8 1.6 1.0 0.9 1.3 0.8 1.0 0.9 0.9 1.0 0.8 0.8 0.8 
Phenol 3.1 2.8 1.3 4.7 5.1 13.4 0.9 0.5 0.4 0.6 0.4 0.5 0.3 0.2 0.2 0.2 0.3 0.2 
Benzonitrile 1.3 3.1 0.4 3.3 2.4 4.1 0.3 0.2 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 
∑ Aromatic VOCs 34.6 49.7 4.1 37.3 43.1 88.6 6.7 4.3 2.8 4.0 9.4 3.5 2.1 2.9 1.8 1.8 1.6 1.5 
Butanal 0.1 0.1 0.2 0.1 0.2 0.7 0.2 <0.1 0.1 0.1 0.1 D D <0.1 ND ND ND ND 
Hexanal 0.4 1.1 2.0 1.2 1.3 1.7 0.8 0.6 0.3 0.2 0.5 0.5 ND ND ND 0.1 0.1 ND 
Heptanal ND 0.1 0.5 D 0.1 D 0.3 0.2 0.1 ND D D ND ND ND 0.1 0.1 <0.1 
3-Methylbutanal 0.3 0.3 0.4 0.3 0.3 0.3 0.3 ND D D 0.2 0.2 0.3 D 0.3 0.1 0.1 0.1 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Pentanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Ethyl-1-hexanol D 0.3 0.2 D 0.4 1.5 1.7 0.2 0.2 0.3 1.7 0.4 0.1 ND ND 1.4 ND ND 
1-Octanol <0.1 0.4 0.8 0.7 0.5 0.7 0.6 0.2 <0.1 0.2 1.8 0.1 0.1 0.1 <0.1 0.3 0.3 <0.1 
3-Methyl-1-butanol ND 0.1 ND ND <0.1 ND ND ND 0.3 ND ND ND ND ND ND ND ND ND 
2-Butanone (MEK) 1.4 1.2 0.3 1.4 2.3 7.2 0.4 0.2 0.3 0.3 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.1 
2-Hexanone ND ND ND 0.1 0.1 0.3 ND ND ND ND ND ND ND ND ND ND 0.1 ND 
2-Heptanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Octanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Methyl-3-heptanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Acetophenone 0.2 0.4 0.7 0.6 0.7 1.8 0.7 0.3 0.4 0.5 0.8 0.5 0.5 0.3 0.5 0.5 0.5 0.3 
Ethylacetate ND 0.1 1.3 1.2 1.5 4.8 ND ND ND ND ND 0.1 0.2 ND <0.1 ND ND ND 
n-Propylacetate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran Q Q Q Q Q Q Q Q Q Q Q Q D Q Q Q Q D 
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Tetrahydrofuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 2.4 4.2 6.3 5.7 7.5 18.9 5.0 1.8 1.7 1.6 5.5 1.9 1.4 0.6 1.0 2.6 1.2 0.7 
Tetrachloromethane 0.2 0.3 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.3 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 
1,2-Dichloroethane  D D <0.1 D D D 0.1 <0.1 D <0.1 D 0.1 D <0.1 <0.1 0.1 <0.1 D 
1,2-Dichloropropane <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Trichloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND <0.1 ND 
Tetrachloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Halogenated VOCs 0.2 0.3 0.3 0.2 0.2 0.3 0.3 0.2 0.2 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
α-Pinene 0.1 0.6 0.1 4.1 1.3 1.5 0.1 0.6 0.1 0.1 <0.1 0.1 D <0.1 <0.1 <0.1 <0.1 0.1 
Limonene 0.2 0.3 0.3 0.9 0.6 1.5 3.0 2.1 0.3 0.4 0.3 0.1 <0.1 <0.1 D <0.1 <0.1 0.1 
Linalool ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Terpenes 0.3 0.9 0.4 5.0 1.9 3.0 3.1 2.7 0.4 0.4 0.3 0.2 <0.1 0.1 <0.1 0.1 <0.1 0.2 
TVOCs 39 57 12 50 55 115 21 11 6 9 30 7 4 4 3 5 4 3 
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Sampling campaign Urban Ha Giang, Vietnam Urban Ha Giang, Vietnam Urban Ha Giang, Vietnam 
Abbreviation Vn1 Vn1 Vn1 
Indoor/Outdoor House Street Park 
Temperature (°C) 26 33 26 30 27 29 35 33 32 34 27 30 31 35 30 34 26 28 
Humidity (%) 87 61 87 80 88 82 60 64 66 62 88 83 71 60 75 62 90 81 
Compound name                   
Methylcyclopentane D D 0.3 0.4 1.3 1.3 0.9 3.2 2.1 1.0 0.5 4.1 0.4 0.4 0.4 D 0.4 D 
Cyclohexane 0.6 0.2 0.3 0.5 0.8 0.4 0.2 0.9 0.8 0.2 0.2 1.3 0.6 0.2 0.6 0.4 0.5 0.1 
Hexane ND ND ND ND ND ND ND 4.8 3.2 ND ND 8.5 ND ND ND ND ND ND 
Heptane 0.2 0.1 0.2 0.1 1.0 0.2 1.4 4.5 2.7 1.8 1.2 6.6 0.3 0.2 0.3 0.3 0.4 0.4 
Octane 0.2 0.1 0.1 0.2 0.7 0.2 1.1 2.2 1.6 0.8 0.8 3.6 0.4 0.3 0.3 0.5 0.3 0.5 
Nonane ND ND ND <0.1 0.2 ND 0.9 1.1 0.8 0.3 0.3 2.1 0.1 0.2 ND 0.3 0.1 0.4 
Decane ND ND ND ND ND ND <0.1 0.3 0.4 ND D D ND ND D ND ND ND 
Undecane ND ND ND ND 0.2 ND 0.2 0.3 0.2 ND ND 0.5 0.1 ND ND ND ND 0.1 
Dodecane D D D D 0.2 ND 0.1 0.3 ND ND ND 0.3 ND ND ND ND D <0.1 
∑(Cyclo)-alkanes 0.9 0.4 0.8 1.3 4.3 2.0 4.6 17.6 11.7 4.1 3.1 27.1 1.9 1.3 1.5 1.5 1.7 1.6 
Benzene 1.5 1.3 0.7 1.2 2.9 0.9 2.5 8.8 7.1 3.5 1.9 14.7 1.1 0.7 1.4 1.4 1.3 1.4 
Toluene 1.7 1.1 1.2 1.0 18.7 2.2 7.5 24.9 23.8 9.6 7.6 38.6 1.9 1.6 2.2 3.6 3.6 2.0 
Ethylbenzene 0.5 0.1 0.2 0.1 1.1 0.2 2.3 5.4 4.6 2.3 1.8 8.4 0.3 0.2 0.3 0.3 0.6 0.2 
o-Xylene 0.3 0.1 0.2 0.1 1.0 0.2 3.2 7.2 5.4 2.4 2.2 7.5 0.3 0.2 0.3 0.3 0.2 0.3 
m,p-Xylenes 0.9 0.3 0.4 0.3 2.3 0.5 7.8 18.3 14.5 6.8 5.8 28.2 0.9 0.6 0.8 0.8 0.6 0.8 
Styrene 0.1 ND <0.1 D 0.6 D 0.4 0.7 0.5 0.1 0.1 1.1 0.1 <0.1 <0.1 0.4 0.4 <0.1 
n-Propylbenzene <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.7 1.3 1.0 0.4 0.4 2.1 0.1 <0.1 <0.1 0.1 0.1 <0.1 
1,2,4-Trimethylbenzene 0.3 0.1 0.2 0.1 0.6 0.2 5.1 8.3 6.4 3.0 2.6 12.7 0.4 0.2 0.3 0.5 0.2 0.3 
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Benzaldehyde ND 0.1 ND 0.9 1.5 ND 1.5 0.6 0.6 0.1 ND 1.7 0.6 <0.1 0.3 0.5 1.6 1.2 
Phenol <0.1 0.2 ND 0.9 1.7 0.8 ND 0.6 0.9 0.3 ND 1.0 0.3 0.3 ND 1.0 2.7 0.8 
Benzonitrile 0.6 1.0 0.3 0.9 1.1 0.5 ND ND ND ND ND ND 1.3 0.4 1.2 0.8 2.5 1.3 
∑ Aromatic VOCs 6.0 4.5 3.1 5.6 31.6 5.5 30.9 76.1 64.9 28.4 22.5 116.0 7.2 4.3 6.9 9.6 13.8 8.3 
Butanal ND ND ND ND 0.7 ND ND ND ND ND ND ND ND ND ND D ND ND 
Hexanal ND ND ND ND 15.7 0.4 0.1 <0.1 D ND ND 0.6 0.4 0.2 ND 0.2 ND 1.1 
Heptanal ND ND ND ND 1.7 ND ND D D D ND ND 0.1 0.1 ND 0.1 0.1 0.6 
3-Methylbutanal ND 0.3 0.1 ND 0.6 0.3 0.1 0.2 ND 0.2 0.1 0.3 0.2 ND 0.3 0.2 0.4 0.2 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Pentanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Ethyl-1-hexanol 0.2 0.3 ND 0.5 3.0 0.4 0.7 D D ND D D 0.6 0.3 0.4 0.6 0.9 1.0 
1-Octanol 0.2 0.1 0.1 0.3 0.2 0.3 0.5 0.2 0.4 0.2 0.3 0.3 0.5 0.4 0.2 0.6 0.3 0.6 
3-Methyl-1-butanol <0.1 <0.1 <0.1 <0.1 0.1 0.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 <0.1 <0.1 
2-Butanone (MEK) ND 0.5 0.8 0.4 2.4 0.7 ND 0.5 0.7 0.3 ND 0.4 0.2 <0.1 0.3 0.2 0.9 0.3 
2-Hexanone ND ND ND ND 0.1 ND ND ND 0.1 0.1 ND <0.1 0.1 ND <0.1 ND <0.1 ND 
2-Heptanone ND ND ND ND 0.1 ND 0.1 0.3 0.2 <0.1 ND 0.3 ND ND ND ND ND <0.1 
2-Octanone ND ND ND ND 0.1 ND ND ND <0.1 ND ND <0.1 ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND 0.1 ND ND <0.1 <0.1 0.1 0.1 <0.1 ND <0.1 ND <0.1 
5-Methyl-3-heptanone ND ND ND ND ND ND 0.2 0.3 0.2 ND 0.1 0.5 ND ND ND ND ND ND 
Acetophenone ND 0.1 ND 1.4 2.9 0.3 1.8 1.9 1.1 0.6 0.8 2.2 0.5 0.4 ND 0.9 0.7 0.9 
Ethylacetate 0.2 0.2 0.2 0.3 4.9 0.4 0.8 0.9 1.8 0.6 0.1 2.2 0.3 0.3 0.2 0.3 0.3 0.3 
n-Propylacetate <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran Q ND Q Q Q Q ND ND Q ND ND Q ND ND Q ND ND ND 
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Tetrahydrofuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 0.7 1.5 1.2 2.9 32.7 3.0 4.5 4.3 4.4 2.0 1.4 7.0 2.9 1.8 1.3 3.4 3.8 5.2 
Tetrachloromethane 0.3 0.2 0.1 0.2 0.3 0.2 0.1 0.3 0.3 0.2 0.1 0.3 0.2 0.3 0.3 0.2 0.2 0.2 
1,2-Dichloroethane  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,2-Dichloropropane ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Trichloroethylene ND ND D ND ND ND D ND ND ND ND D ND ND ND 0.5 0.6 ND 
Tetrachloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene ND ND ND ND 0.2 ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Halogenated VOCs 0.3 0.2 0.1 0.2 0.5 0.2 0.1 0.3 0.3 0.2 0.1 0.3 0.2 0.3 0.3 0.7 0.8 0.2 
α-Pinene 0.1 0.2 0.1 0.3 1.3 0.2 0.3 0.2 0.3 0.2 0.1 0.3 0.2 0.2 0.2 0.3 0.2 0.3 
Limonene D D 0.1 0.2 1.3 0.2 0.3 0.4 0.2 0.1 0.1 0.4 D D 0.2 0.1 D 0.1 
Linalool ND 0.1 ND 0.3 0.5 0.4 0.3 ND ND 0.2 0.2 ND 0.3 ND 0.1 0.5 0.2 ND 
∑Terpenes 0.1 0.3 0.2 0.8 3.1 0.7 0.9 0.6 0.6 0.5 0.3 0.7 0.5 0.2 0.5 0.9 0.4 0.4 
TVOCs 8 7 5 11 72 11 41 99 82 35 27 151 13 8 10 16 21 16 
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Sampling campaign Urban Ninh Binh, Vietnam Urban Ninh Binh, Vietnam Urban Ninh Binh, Vietnam 
Abbreviation Vn2 Vn2 Vn2 
Indoor/Outdoor House Street Park 
Temperature (°C) 24 24 23 24 22 23 24 25 24 25 23 24 23 23 23 25 22 23 
Humidity (%) 99 99 99 99 97 98 99 99 99 99 99 99 99 99 99 99 99 99 
Compound name                   
Methylcyclopentane 3.2 0.7 2.7 0.8 1.1 2.3 3.1 2.1 3.7 1.6 2.3 1.1 1.0 0.4 0.4 0.2 0.3 0.4 
Cyclohexane 0.7 0.1 0.7 0.2 0.3 0.5 0.8 0.5 1.0 0.4 0.7 3.3 D 0.1 0.1 0.1 0.1 0.1 
Hexane 2.9 0.1 1.5 ND 0.4 1.1 1.6 1.2 2.1 0.8 1.4 7.7 0.6 <0.1 <0.1 ND ND 0.2 
Heptane 1.7 0.5 1.9 0.3 1.0 1.8 3.2 1.6 3.7 1.3 2.4 12.8 0.5 0.2 0.2 0.2 0.2 0.3 
Octane 0.8 0.4 1.0 0.2 0.6 1.1 1.9 0.9 2.2 0.7 1.3 6.4 0.4 0.3 0.2 0.4 0.2 0.3 
Nonane 0.7 0.4 0.5 0.3 0.5 0.7 1.6 0.8 1.6 0.7 1.0 5.5 0.5 0.4 0.4 0.5 0.3 0.4 
Decane 0.2 0.1 0.2 0.1 0.2 0.2 0.7 0.3 0.6 0.2 0.4 1.7 0.1 0.1 <0.1 <0.1 0.1 0.1 
Undecane 0.1 0.1 0.1 <0.1 0.1 0.1 0.4 0.1 0.4 0.1 0.2 0.9 0.1 <0.1 <0.1 <0.1 0.1 <0.1 
Dodecane 0.2 0.1 0.2 0.1 0.1 0.1 0.8 0.2 0.6 0.1 0.4 1.2 0.1 D D D 0.1 <0.1 
∑(Cyclo)-alkanes 10.5 2.5 8.6 2.0 4.3 7.8 14.3 7.7 16.0 5.9 10.1 40.5 3.3 1.5 1.4 1.4 1.3 1.7 
Benzene 4.9 1.5 6.0 2.4 3.6 5.6 7.7 4.7 9.0 3.9 7.7 31.7 2.2 0.9 0.9 0.9 2.0 2.3 
Toluene 12.5 4.3 11.3 3.3 7.1 9.9 18.8 9.3 21.6 7.5 14.3 60.1 2.6 1.0 1.4 0.9 1.5 1.8 
Ethylbenzene 2.3 0.8 1.9 0.6 1.5 2.0 4.1 1.7 4.4 1.5 3.1 14.4 0.5 0.2 0.3 0.2 0.4 0.4 
o-Xylene 4.0 1.1 3.0 0.7 2.2 2.9 7.4 2.6 7.4 2.3 4.8 26.7 0.9 0.3 0.4 0.2 0.4 0.4 
m,p-Xylenes 9.4 2.6 7.1 1.7 5.0 6.5 15.3 5.9 15.5 5.5 10.4 47.6 1.8 0.6 0.9 0.5 0.9 0.8 
Styrene 0.5 0.4 0.8 0.5 0.3 0.5 0.9 0.5 0.8 0.2 0.7 3.3 0.3 0.1 0.1 0.1 0.1 0.1 
n-Propylbenzene 0.5 0.2 0.4 0.1 0.3 0.4 1.1 0.4 1.3 0.4 0.8 5.2 0.1 0.1 0.1 <0.1 0.1 0.1 
1,2,4-Trimethylbenzene 4.8 1.5 3.4 1.0 2.9 3.4 10.1 3.7 10.3 3.1 6.6 37.8 1.2 0.4 0.5 0.3 0.5 0.4 
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Benzaldehyde 2.2 1.3 1.5 1.4 1.1 1.7 2.4 1.9 2.2 1.5 1.7 6.5 2.2 1.2 1.2 1.8 1.1 1.6 
Phenol 0.6 0.4 0.4 0.7 0.3 0.4 0.6 0.5 0.6 0.4 0.4 1.9 0.7 0.3 0.2 0.3 0.1 0.3 
Benzonitrile 0.4 0.2 0.3 0.3 0.3 0.4 0.5 0.3 0.6 0.3 0.4 1.7 0.3 0.2 0.2 0.2 0.2 0.3 
∑ Aromatic VOCs 42.2 14.3 36.2 12.5 24.7 33.8 68.9 31.5 73.9 26.6 50.9 236.9 12.9 5.3 6.1 5.6 7.4 8.4 
Butanal 0.7 0.3 0.6 0.3 0.2 0.5 0.3 0.3 0.3 0.4 0.3 0.6 1.1 0.2 0.2 ND 0.2 0.2 
Hexanal 0.6 0.1 1.5 0.1 ND 1.1 ND ND ND ND ND <0.1 ND ND ND ND ND ND 
Heptanal 0.2 <0.1 ND ND ND <0.1 ND ND ND ND ND 0.1 0.1 ND ND ND ND ND 
3-Methylbutanal 0.1 0.2 0.2 0.3 ND 0.2 0.2 0.2 0.1 0.1 ND 0.1 0.3 ND ND ND ND 0.2 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Pentanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Ethyl-1-hexanol 1.8 1.0 1.2 0.4 0.7 0.6 0.6 0.4 0.9 0.3 0.2 1.7 0.2 0.1 <0.1 0.2 0.1 0.1 
1-Octanol 0.3 0.1 0.2 0.2 <0.1 0.3 0.2 0.1 0.2 0.2 0.1 0.9 0.1 ND ND ND ND <0.1 
3-Methyl-1-butanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Butanone (MEK) 1.1 0.5 1.0 0.6 0.5 0.7 0.5 0.8 0.5 0.7 0.5 1.4 0.7 0.3 0.3 0.4 0.3 0.4 
2-Hexanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Heptanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Octanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Nonanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Methyl-3-heptanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Acetophenone 1.2 0.6 0.7 0.7 0.7 0.8 1.7 1.1 1.9 0.9 1.0 4.2 1.0 0.5 0.5 0.7 0.5 0.7 
Ethylacetate 1.7 0.1 2.5 0.2 0.6 0.7 0.1 3.6 3.0 0.7 0.5 2.1 2.2 0.3 2.9 0.3 0.2 2.5 
n-Propylacetate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran D Q Q Q Q Q Q Q Q Q Q Q Q D Q D Q D 
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Tetrahydrofuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 7.6 3.0 7.8 2.8 2.8 4.9 3.6 6.5 7.0 3.2 2.5 11.2 5.7 1.3 3.8 1.6 1.3 4.1 
Tetrachloromethane 0.3 0.4 0.5 0.4 0.4 0.5 0.4 0.4 0.4 0.4 0.5 0.7 0.4 0.4 0.4 0.4 0.4 0.5 
1,2-Dichloroethane  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,2-Dichloropropane <0.1 ND <0.1 <0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.2 <0.1 <0.1 <0.1 <0.1 0.1 0.1 
Trichloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Tetrachloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Halogenated VOCs 0.4 0.4 0.5 0.4 0.5 0.6 0.4 0.4 0.4 0.4 0.6 0.9 0.4 0.4 0.4 0.4 0.5 0.6 
α-Pinene 0.3 0.2 0.4 0.1 0.1 0.1 <0.1 0.1 0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Limonene 0.9 0.9 1.1 0.2 0.5 0.7 0.1 0.2 0.2 0.1 0.1 0.7 <0.1 <0.1 <0.1 ND <0.1 <0.1 
Linalool ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Terpenes 1.2 1.1 1.5 0.2 0.6 0.8 0.1 0.3 0.3 0.2 0.2 0.8 0.1 <0.1 0.1 <0.1 0.1 0.1 
TVOCs 62 21 55 18 33 48 87 46 98 36 64 290 22 9 12 9 11 15 
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Sampling campaign Urban Hanoi, Vietnam Urban Hanoi, Vietnam Urban Hanoi, Vietnam 
Abbreviation Vn3 Vn3 Vn3 
Indoor/Outdoor House Street Park 
Temperature (°C) 22 30 29 30 29 29 25 33 33 31 30 29 25 31 31 30 29 28 
Humidity (%) 73 67 73 74 62 68 75 63 65 74 77 84 72 74 77 77 83 84 
Compound name                   
Methylcyclopentane 1.8 2.0 2.8 1.6 2.2 2.7 6.6 10.8 3.1 1.8 4.3 1.1 1.0 1.5 1.2 1.5 0.9 0.9 
Cyclohexane 0.6 0.6 0.7 0.7 0.7 0.8 1.4 1.5 0.7 0.4 0.9 0.2 0.3 0.6 0.5 0.6 0.3 0.3 
Hexane 1.6 1.0 3.2 0.6 2.3 3.9 12.9 18.4 3.7 0.7 4.3 1.1 ND 2.1 ND 1.1 ND ND 
Heptane 1.9 2.0 2.9 1.6 2.3 2.7 10.0 15.2 5.6 2.5 7.3 1.9 1.3 1.8 1.9 1.7 1.0 1.0 
Octane 2.3 1.3 1.4 0.9 1.8 1.8 4.4 6.3 2.7 1.0 3.1 0.8 0.8 0.8 1.1 0.7 0.7 0.7 
Nonane 0.7 1.6 1.1 0.5 3.0 2.3 1.5 4.0 1.2 0.3 1.5 0.4 0.5 0.9 0.6 0.7 0.6 0.4 
Decane 0.9 3.5 1.4 0.6 6.8 4.4 0.7 2.6 0.6 0.1 0.4 0.1 D 1.0 0.1 0.7 2.3 0.4 
Undecane 1.6 4.6 2.5 0.9 5.4 5.8 1.0 3.9 0.9 0.2 0.9 0.2 0.5 0.8 0.1 1.5 4.5 0.3 
Dodecane 1.2 3.2 2.0 1.2 2.4 4.6 0.7 3.4 1.0 0.2 0.9 0.2 0.6 0.5 ND 1.6 6.9 0.2 
∑(Cyclo)-alkanes 12.6 19.9 18.0 8.6 27.1 28.8 39.2 66.1 19.4 7.4 23.7 6.3 5.0 10.0 5.5 10.0 17.4 4.1 
Benzene 4.0 4.9 6.5 3.7 3.6 5.3 15.0 32.0 8.0 3.7 10.2 2.7 2.8 3.8 3.6 6.2 2.0 1.9 
Toluene 14.8 16.1 18.2 10.7 14.7 20.0 84.9 73.9 24.1 13.7 30.5 8.1 11.6 14.4 9.4 10.0 7.1 9.1 
Ethylbenzene 6.0 6.7 5.1 2.2 10.2 20.7 13.4 19.8 7.3 3.2 8.8 2.3 2.5 3.3 2.8 2.3 2.6 2.9 
o-Xylene 4.9 5.3 5.2 2.5 4.2 9.3 9.2 22.8 8.7 3.2 9.3 2.5 3.0 3.6 3.2 3.0 3.1 2.8 
m,p-Xylenes 12.7 13.6 12.2 7.0 12.4 27.7 34.4 64.9 22.8 8.9 25.5 6.8 7.2 8.9 8.5 7.6 7.1 7.1 
Styrene 1.0 1.2 2.0 0.4 0.3 3.9 1.0 2.8 0.9 0.3 0.8 0.2 0.3 0.2 0.3 0.3 0.3 0.3 
n-Propylbenzene 0.8 1.2 1.2 0.6 0.8 1.6 2.4 5.7 1.9 0.6 2.2 0.6 0.6 0.8 0.7 0.8 0.6 0.5 
1,2,4-Trimethylbenzene 4.9 6.6 7.2 3.2 5.3 10.6 12.5 32.3 10.8 3.4 11.4 3.0 3.7 5.0 3.8 5.7 4.1 3.3 
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Benzaldehyde 4.9 2.6 4.0 1.4 0.9 5.5 2.8 4.5 2.0 0.5 3.1 0.8 4.3 3.2 2.1 3.3 2.9 1.8 
Phenol 1.6 ND 1.8 1.2 ND ND 0.9 3.9 1.5 0.5 1.4 0.4 2.3 2.7 1.2 2.5 1.3 ND 
Benzonitrile ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑ Aromatic VOCs 55.5 58.5 63.5 32.9 52.5 104.6 176.5 262.7 88.1 38.1 103.3 27.4 38.3 45.8 35.6 41.7 31.2 29.8 
Butanal 0.2 ND 0.5 ND 0.1 0.8 0.3 ND ND ND ND ND ND 0.2 ND ND ND ND 
Hexanal 1.5 2.9 2.9 0.3 0.9 2.2 ND 0.1 ND D 0.2 <0.1 D 0.3 0.1 0.1 0.1 ND 
Heptanal ND D D ND ND D ND 0.6 0.1 D ND ND ND D ND ND ND ND 
3-Methylbutanal 0.2 0.5 0.7 0.4 0.4 0.2 0.5 0.4 0.2 0.1 ND ND 0.3 0.5 0.4 0.3 0.3 0.2 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Pentanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Ethyl-1-hexanol 9.4 5.8 0.1 1.9 3.7 9.2 ND ND D D ND ND D 4.0 D 1.3 2.2 0.1 
1-Octanol 1.0 1.6 0.9 0.7 0.9 4.7 0.4 2.7 0.9 0.4 1.1 0.3 0.7 1.0 0.7 1.2 1.3 0.6 
3-Methyl-1-butanol 0.3 0.6 0.7 0.4 0.2 0.6 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
2-Butanone (MEK) 1.1 1.0 1.8 0.4 1.1 2.5 1.2 1.0 0.3 0.5 0.5 0.1 0.8 1.1 0.2 1.8 0.3 0.2 
2-Hexanone ND 0.1 ND 0.1 ND 0.2 0.1 0.1 ND ND ND ND 0.2 0.1 ND 0.1 0.1 ND 
2-Heptanone 0.3 0.3 0.5 ND ND 0.6 ND 1.0 0.4 ND 0.4 0.1 0.1 0.2 ND 0.3 0.1 ND 
2-Octanone ND ND ND ND ND ND ND 0.1 <0.1 <0.1 <0.1 <0.1 ND ND ND ND ND ND 
5-Nonanone 0.1 0.3 0.3 ND 0.2 ND 0.1 ND ND 0.1 ND ND ND 0.1 0.1 0.2 0.3 0.1 
5-Methyl-3-heptanone ND ND ND 0.7 ND ND 0.6 ND 0.1 ND 0.2 0.1 ND ND 0.6 ND ND 0.5 
Acetophenone 2.4 3.6 4.7 1.2 2.4 9.3 3.2 10.6 3.1 0.9 3.1 0.8 2.5 3.3 1.4 3.2 2.4 1.4 
Ethylacetate 39.5 2.0 3.8 3.4 6.9 5.9 5.5 0.5 0.7 1.1 0.6 0.2 0.5 1.7 0.5 1.2 0.4 0.5 
n-Propylacetate <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 ND <0.1 <0.1 ND ND <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
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Tetrahydrofuran Q ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 56.0 18.7 16.7 9.5 16.8 36.2 12.0 17.0 5.8 3.2 6.2 1.6 5.2 12.7 3.9 9.6 7.7 3.7 
Tetrachloromethane 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 <0.1 0.1 0.2 0.2 0.2 0.1 0.1 
1,2-Dichloroethane  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,2-Dichloropropane ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Trichloroethylene D <0.1 0.1 <0.1 D 0.7 1.1 <0.1 D <0.1 D D <0.1 D D 0.6 <0.1 <0.1 
Tetrachloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Halogenated VOCs 0.2 0.2 0.2 0.2 0.2 0.9 1.3 0.2 0.1 0.1 0.1 <0.1 0.1 0.2 0.2 0.8 0.1 0.1 
α-Pinene 11.0 1.9 1.7 0.6 0.6 0.9 <0.1 D 0.1 <0.1 0.1 <0.1 0.3 ND 0.1 0.3 0.5 0.1 
Limonene 4.7 4.5 5.9 4.3 1.9 4.9 0.2 0.5 0.5 0.1 0.6 0.1 0.2 D D 0.3 1.2 0.1 
Linalool ND ND ND 1.2 ND ND ND 0.1 ND ND ND ND ND 0.6 ND 0.7 ND ND 
∑Terpenes 15.8 6.4 7.5 6.1 2.5 5.8 0.3 0.6 0.6 0.2 0.6 0.2 0.5 0.6 0.1 1.3 1.8 0.3 
TVOCs 140 104 106 57 99 176 229 347 114 49 134 36 49 69 45 63 58 38 
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Sampling campaign Urban Manila, Philippines Urban Manila, Philippines Urban Manila, Philippines 
Abbreviation Ph1 Ph1 Ph1 
Indoor/Outdoor House Street Park 
Temperature (°C) 30 30 28 31 31 30 30 31 31 27 32 30 29 29 29 28 30 31 
Humidity (%) 78 80 79 76 74 77 70 72 74 86 60 74 81 80 81 79 80 75 
Compound name                   
Methylcyclopentane ND ND ND ND ND ND 0.3 0.3 D 2.4 0.4 0.7 ND ND ND ND D ND 
Cyclohexane ND ND ND ND ND <0.1 ND ND ND <0.1 ND ND ND ND ND ND ND <0.1 
Hexane ND ND ND ND ND ND ND ND ND 2.2 ND ND ND ND ND ND ND ND 
Heptane 0.6 1.9 0.6 0.4 5.2 7.1 2.5 2.5 2.8 5.9 2.5 2.8 0.9 0.4 0.4 0.3 0.1 0.3 
Octane 0.8 1.6 0.8 0.5 18.3 23.8 1.6 1.6 1.4 3.3 1.3 1.4 0.6 0.4 0.3 0.3 0.1 0.3 
Nonane 3.7 6.6 4.0 2.5 124.4 157.0 2.7 2.9 3.2 4.8 2.5 2.0 1.7 0.8 0.8 0.8 0.4 0.7 
Decane 7.2 10.8 8.3 4.7 229.0 330.7 3.1 4.1 2.7 4.1 2.4 2.8 2.9 1.7 0.7 1.0 0.1 1.4 
Undecane 7.1 10.1 9.2 4.8 169.5 245.6 4.2 4.3 4.2 6.6 3.8 4.7 2.1 2.2 0.8 0.7 0.2 1.5 
Dodecane 6.1 6.6 7.6 3.6 105.8 167.9 4.6 4.7 4.6 7.2 4.0 5.3 2.5 2.5 0.7 0.9 D 1.4 
∑(Cyclo)-alkanes 25.4 37.5 30.5 16.4 652.1 932.1 18.9 20.3 18.8 36.7 16.9 19.6 10.6 7.9 3.7 4.2 1.0 5.6 
Benzene 1.0 2.3 1.2 0.6 1.2 1.2 5.7 5.5 6.3 13.5 5.3 5.8 1.6 1.0 0.7 0.5 0.5 0.8 
Toluene 9.9 15.7 6.9 5.3 11.6 12.9 16.3 17.2 16.9 38.6 15.6 18.5 5.7 3.3 2.9 3.1 2.5 1.5 
Ethylbenzene 2.0 3.9 1.3 1.1 7.1 9.1 5.4 5.6 5.4 8.0 4.3 4.2 1.1 0.6 0.7 0.6 0.5 0.3 
o-Xylene 3.0 5.3 2.3 1.5 15.5 22.4 8.2 9.4 6.1 12.8 7.1 6.4 1.7 0.9 1.1 0.9 0.6 0.6 
m,m,p-Xylenes 5.3 9.6 4.0 2.9 24.9 32.8 14.5 17.1 15.3 24.4 12.7 12.8 3.4 1.9 2.1 1.6 1.1 1.1 
Styrene 0.4 0.9 0.5 0.2 0.2 0.3 2.5 2.8 1.3 2.7 1.6 1.1 0.8 0.2 0.2 0.2 <0.1 0.2 
n-Propylbenzene 0.9 1.5 0.7 0.5 9.0 18.5 2.4 2.8 2.6 5.0 2.3 2.5 0.5 0.4 0.3 0.2 0.1 0.2 
1,2,4-Trimethylbenzene 5.3 8.1 5.1 3.2 63.3 98.8 15.9 18.0 15.4 26.0 14.6 16.5 3.0 2.6 2.3 1.5 0.9 1.6 
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Benzaldehyde 3.4 6.9 4.4 2.5 3.7 6.8 8.7 8.2 8.2 10.2 5.9 7.9 5.8 4.2 4.9 3.3 1.6 5.4 
Phenol 2.5 3.2 2.4 1.5 5.8 10.7 2.8 3.9 2.0 2.4 2.3 2.4 1.5 1.6 2.0 1.9 0.6 2.0 
Benzonitrile 1.0 1.5 1.1 0.7 3.0 5.1 2.8 2.7 2.3 2.8 1.5 2.1 0.8 0.9 0.9 0.7 1.0 0.7 
∑ Aromatic VOCs 34.6 58.8 29.9 19.9 145.2 218.6 85.2 93.3 81.8 146.2 73.2 80.1 25.9 17.6 18.2 14.5 9.6 14.5 
Butanal D 0.6 D 0.3 0.5 0.8 0.3 ND 0.4 0.5 ND 0.4 1.1 ND D D D 0.6 
Hexanal ND 0.8 0.1 ND 0.6 0.8 D ND D D D ND 0.8 ND ND ND ND 0.4 
Heptanal ND D ND ND 2.6 4.5 ND ND ND ND ND ND 1.3 0.1 ND 0.3 ND 1.1 
3-Methylbutanal ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Pentanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Ethyl-1-hexanol D D 3.2 1.4 ND ND D D ND D D ND 1.0 1.7 2.9 1.2 3.3 0.9 
1-Octanol 1.8 2.7 2.7 1.2 30.0 101.5 2.1 0.8 0.7 3.3 0.9 0.7 1.0 0.8 1.3 1.0 0.4 D 
3-Methyl-1-butanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Butanone (MEK) 1.0 1.2 0.9 0.4 0.9 1.2 0.7 0.6 0.9 1.1 0.5 0.6 1.4 0.4 0.6 0.2 0.2 0.9 
2-Hexanone 0.1 0.3 0.1 0.1 0.1 ND 0.1 0.1 0.1 0.2 0.1 0.1 ND <0.1 <0.1 0.1 ND D 
2-Heptanone 0.5 0.9 0.5 0.3 6.8 9.9 0.6 D 0.4 1.0 0.3 D D D 0.2 D ND 0.5 
2-Octanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Nonanone 0.4 0.6 0.1 0.3 ND ND ND 0.3 0.3 0.4 0.2 0.3 0.2 ND 0.1 ND <0.1 0.1 
5-Methyl-3-heptanone 1.0 ND ND ND 16.8 ND ND ND 0.9 ND 0.7 1.0 ND ND 0.7 ND ND ND 
Acetophenone 3.2 4.9 3.6 2.3 35.6 69.1 6.3 6.9 5.7 6.0 4.7 6.1 3.2 2.8 2.6 2.1 1.2 3.1 
Ethylacetate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
n-Propylacetate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran ND D Q ND ND ND D ND D Q ND ND ND ND Q ND ND ND 
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Tetrahydrofuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 8.0 12.1 11.3 6.3 94.0 187.7 10.1 8.6 9.4 12.5 7.3 9.2 10.1 5.8 8.5 5.0 5.1 7.7 
Tetrachloromethane 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 
1,2-Dichloroethane  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,2-Dichloropropane ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Trichloroethylene ND ND ND ND ND 0.1 ND ND ND ND ND ND ND ND D ND ND ND 
Tetrachloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND 1.1 ND ND ND 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene 1.8 6.3 1.6 1.0 D D 0.8 0.8 D 0.6 D D 0.2 D 0.2 0.1 0.1 D 
∑Halogenated VOCs 1.9 6.5 1.7 1.1 0.1 0.2 0.9 0.9 0.1 0.8 0.1 0.1 0.3 0.2 1.4 0.2 0.2 0.2 
α-Pinene 0.1 0.1 0.1 D ND ND D D D 0.1 D D D D D D D D 
Limonene 5.6 4.5 4.2 2.3 D ND 0.9 0.9 0.6 1.1 0.3 0.7 0.4 D 0.3 0.2 0.1 0.3 
Linalool 1.8 2.1 1.9 ND 3.6 5.6 ND ND ND ND ND ND 0.2 0.4 0.2 0.2 <0.1 0.4 
∑Terpenes 7.4 6.7 6.2 2.3 3.6 5.6 0.9 0.9 0.6 1.2 0.3 0.7 0.6 0.4 0.5 0.3 0.1 0.7 
TVOCs 77 122 80 46 895 1344 116 124 111 197 98 110 47 32 32 24 16 29 
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Sampling campaign Industrial Laguna, Philippines Industrial Laguna, Philippines Industrial Laguna, Philippines 
Abbreviation Ph2 Ph2 Ph2 
Indoor/Outdoor House Ambient1 Ambient2 
Temperature (°C) 33 29 32 34 28 28 33 29 32 34 28 28 31 31 30 31 31 33 
Humidity (%) 65 82 61 61 79 85 65 82 61 61 79 85 64 62 77 72 70 64 
Compound name                   
Methylcyclopentane 0.6 0.4 0.6 D 0.1 0.5 ND ND 0.8 0.1 0.9 1.5 0.3 0.4 ND 0.6 0.3 0.2 
Cyclohexane ND ND 0.3 ND ND ND ND ND ND ND 0.1 0.2 ND ND ND ND ND ND 
Hexane 0.8 0.5 1.1 ND ND ND ND ND 0.2 ND 1.1 3.6 ND ND ND 0.3 ND ND 
Heptane 1.3 0.9 0.4 0.5 0.5 0.3 1.8 0.9 1.7 0.9 2.0 2.7 0.5 0.9 0.7 1.0 0.8 0.5 
Octane 0.9 0.8 0.3 0.3 0.3 0.3 1.4 0.5 0.9 0.6 1.8 1.9 0.4 0.5 0.4 0.7 0.9 0.5 
Nonane 0.7 0.6 0.7 0.9 0.7 0.7 1.5 1.0 1.5 1.4 1.0 1.1 0.9 1.1 1.1 1.5 2.5 2.3 
Decane 0.2 0.1 1.2 0.9 0.4 0.5 1.6 0.7 0.8 3.4 0.5 0.9 1.6 2.1 3.2 2.8 4.6 4.5 
Undecane 0.2 0.3 1.6 1.2 0.6 0.7 2.2 0.7 0.9 3.9 0.4 0.3 2.3 3.0 3.3 16.6 3.7 6.0 
Dodecane ND D 0.2 0.2 D D 2.3 0.7 0.6 2.2 0.3 D 0.7 1.0 2.0 16.5 1.9 7.3 
∑(Cyclo)-alkanes 4.6 3.6 6.4 4.0 2.5 3.0 10.8 4.4 7.3 12.5 8.0 12.3 6.7 8.9 10.7 40.0 14.7 21.2 
Benzene 3.2 2.5 2.1 1.5 2.3 1.6 3.1 1.4 3.4 1.6 3.2 4.3 1.2 1.6 1.8 1.6 1.4 1.0 
Toluene 7.8 6.6 8.2 17.4 7.3 8.4 12.1 7.8 10.6 7.1 19.9 18.1 4.0 6.0 10.0 6.0 4.3 3.9 
Ethylbenzene 13.4 11.3 1.1 1.5 1.7 0.9 47.8 1.4 2.2 7.2 46.2 56.0 3.6 3.2 14.5 5.8 19.1 3.3 
o-Xylene 24.5 21.1 1.7 2.2 2.2 1.4 57.6 2.2 3.0 8.5 44.6 50.1 2.3 2.7 5.5 3.5 6.5 2.7 
m,p-Xylenes 47.7 40.6 3.3 4.8 4.8 2.8 120.7 4.3 6.0 18.7 101.8 114.4 5.3 5.4 13.5 7.6 16.9 4.9 
Styrene 0.5 0.5 0.6 0.5 0.8 0.5 0.6 0.1 0.9 0.2 0.4 0.6 0.3 0.7 0.2 0.2 0.2 0.2 
n-Propylbenzene 4.1 4.3 0.4 0.4 0.4 0.3 1.4 0.5 0.7 0.6 0.8 0.9 1.1 1.9 1.3 1.0 0.8 6.6 
1,2,4-Trimethylbenzene 42.3 46.3 2.4 2.9 2.2 1.8 18.7 3.8 4.6 5.5 11.5 14.4 9.8 12.3 9.7 7.7 7.6 29.0 
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Benzaldehyde 2.5 3.0 2.0 1.2 2.6 2.2 4.1 1.3 3.2 1.3 1.6 1.8 3.0 2.7 1.6 2.3 3.6 1.9 
Phenol 0.8 0.8 2.8 1.8 2.9 2.4 2.2 0.8 1.0 0.8 0.3 0.3 1.6 0.7 1.1 2.0 2.4 0.6 
Benzonitrile 3.0 2.9 1.5 1.2 1.8 1.6 1.8 0.8 1.1 0.5 1.0 1.4 1.9 2.4 1.3 1.6 1.0 2.0 
∑ Aromatic VOCs 149.8 140.0 26.0 35.5 29.0 23.9 270.1 24.6 36.6 51.9 231.3 262.4 34.2 39.5 60.6 39.3 63.7 56.0 
Butanal 0.5 0.5 D 0.3 0.3 0.3 1.1 ND 0.3 0.3 0.9 1.3 0.2 ND D ND 0.4 D 
Hexanal ND ND <0.1 ND ND ND ND ND 0.1 ND ND ND ND ND ND 0.1 0.5 ND 
Heptanal ND ND ND ND 0.3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
3-Methylbutanal ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Butanol  26.2 22.0 ND ND ND ND 94.3 ND ND 8.4 96.5 117.9 ND ND ND ND ND ND 
1-Pentanol ND ND ND ND ND ND ND ND ND ND ND ND D ND ND ND ND ND 
2-Ethyl-1-hexanol 2.3 2.8 5.3 8.7 10.9 7.8 D 0.8 0.8 0.2 D D 4.5 D 2.7 0.6 3.8 0.9 
1-Octanol D ND ND 0.1 ND D <0.1 ND ND 0.4 ND ND 1.0 0.3 0.7 1.8 1.3 0.8 
3-Methyl-1-butanol ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Butanone (MEK) 6.0 4.7 2.2 0.7 2.1 1.2 11.1 0.4 2.1 2.1 27.5 29.6 0.8 0.6 0.6 0.9 10.6 1.9 
2-Hexanone ND ND <0.1 <0.1 ND <0.1 D ND <0.1 <0.1 ND ND <0.1 D ND <0.1 <0.1 ND 
2-Heptanone D D D 0.1 0.2 D 0.2 <0.1 0.1 D 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 
2-Octanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Nonanone ND ND ND 0.1 ND 0.1 <0.1 ND ND 0.2 ND ND 0.3 0.2 0.2 0.6 0.3 0.4 
5-Methyl-3-heptanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.4 
Acetophenone 3.2 2.9 1.7 1.3 1.4 1.3 8.9 1.8 2.6 3.1 2.4 5.2 3.3 2.1 3.1 3.5 6.9 1.1 
Ethylacetate 24.8 30.1 ND ND ND ND 36.8 ND ND 1.9 21.1 31.8 ND ND ND ND ND ND 
n-Propylacetate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran ND D Q Q Q Q ND ND ND ND ND ND ND ND ND ND ND ND 
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Tetrahydrofuran Q Q ND ND ND ND Q ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 63.1 63.0 9.2 11.3 15.2 10.7 152.5 3.0 6.1 16.6 148.4 186.0 10.2 3.3 7.5 7.6 23.9 5.6 
Tetrachloromethane 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
1,2-Dichloroethane  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,2-Dichloropropane ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Trichloroethylene ND 0.3 ND 1.9 ND 0.1 ND ND ND D ND ND ND ND ND ND ND ND 
Tetrachloroethylene ND ND ND ND ND 0.1 ND ND ND ND ND ND 1.5 1.8 0.2 1.1 0.2 1.0 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene 0.1 0.1 0.6 0.7 0.7 0.6 0.3 D 0.3 D 0.3 0.3 D D D D D D 
∑Halogenated VOCs 0.3 0.6 0.8 2.8 0.8 1.0 0.5 0.2 0.5 0.2 0.5 0.4 1.7 2.0 0.4 1.3 0.4 1.1 
α-Pinene D D 0.1 0.1 0.2 0.1 D 0.1 D 0.1 D <0.1 0.1 0.1 D D D <0.1 
Limonene 0.1 0.5 1.7 1.9 8.0 4.6 D 0.1 D D D D 1.1 0.2 0.2 D 0.2 D 
Linalool ND 0.4 ND 0.9 0.6 1.2 0.2 ND 0.3 0.2 ND ND ND ND ND 1.1 0.7 0.1 
∑Terpenes 0.1 0.9 1.8 3.0 8.8 5.9 0.2 0.2 0.3 0.3 <0.1 <0.1 1.1 0.3 0.2 1.1 0.9 0.2 
TVOCs 218 208 44 57 56 44 434 32 51 81 388 461 54 54 79 89 104 84 
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Sampling campaign Urban Dhaka, Bangladesh Urban Dhaka, Bangladesh Urban Dhaka, Bangladesh 
Abbreviation Bd1 Bd1 Bd1 
Indoor/Outdoor House Street Park 
Temperature (°C) 32 33 33 33 31 31 33 32 34 32 30 31 31 32 31 32 30 29 
Humidity (%) 98 95 98 95 99 98 92 99 91 97 99 98 99 99 98 98 99 98 
Compound name                   
Methylcyclopentane 4.2 2.7 4.4 2.7 1.8 4.1 2.3 2.4 3.1 5.0 3.4 7.1 1.0 1.3 2.8 1.3 2.7 1.7 
Cyclohexane 1.5 1.3 2.2 1.0 0.4 1.5 0.5 0.8 0.9 1.8 0.5 2.1 ND ND 0.6 ND 0.3 0.5 
Hexane 2.9 1.0 4.3 0.9 ND 2.6 1.1 0.2 2.8 8.4 2.7 13.1 ND ND 5.4 ND 4.9 1.2 
Heptane 10.9 6.1 10.1 5.5 5.4 8.0 10.6 6.5 8.4 17.4 5.5 23.0 1.9 0.7 2.2 1.6 1.8 3.3 
Octane 13.7 10.3 13.7 7.5 9.4 11.7 9.8 7.4 9.0 16.0 6.6 19.9 2.2 1.2 2.7 2.0 2.0 3.7 
Nonane 15.3 13.6 19.4 9.4 13.1 17.3 11.8 15.1 13.8 24.8 13.6 29.2 4.1 3.2 5.6 3.7 5.7 6.3 
Decane 12.6 14.6 17.7 10.6 12.8 20.9 17.3 22.6 18.0 33.2 22.2 41.2 6.4 4.3 8.2 4.3 8.8 10.4 
Undecane 7.4 15.9 13.8 11.3 6.6 18.1 21.5 27.7 22.1 37.5 27.7 46.7 8.1 5.8 8.8 5.4 9.5 7.5 
Dodecane 5.9 15.8 13.0 10.3 4.5 16.1 21.3 25.1 24.2 31.9 22.3 42.9 7.9 4.5 9.0 6.4 7.8 6.7 
∑(Cyclo)-alkanes 74.3 81.3 98.6 59.2 54.0 100.2 96.2 107.9 102.2 176.0 104.5 225.1 31.7 21.0 45.3 24.8 43.5 41.3 
Benzene 8.4 9.0 14.1 7.6 4.9 16.7 9.1 8.9 8.3 18.3 8.3 24.9 5.5 1.8 3.5 2.3 2.8 5.1 
Toluene 50.3 40.2 52.1 28.5 44.0 81.3 73.1 43.0 58.7 118.7 39.9 197.6 15.0 6.1 15.2 10.6 15.5 36.3 
Ethylbenzene 10.2 9.0 9.8 5.7 13.4 21.0 30.5 9.9 18.4 29.7 11.4 50.1 3.3 1.5 2.9 2.7 4.3 7.1 
o-Xylene 15.3 14.1 16.9 9.6 16.1 22.9 31.4 15.7 26.6 46.7 14.7 62.3 3.8 1.8 3.4 3.3 5.2 7.1 
m,p-Xylenes 42.9 38.4 43.2 26.7 41.8 73.0 100.3 42.3 73.2 127.8 43.4 168.7 10.8 4.5 9.3 10.0 13.8 17.4 
Styrene 1.2 2.2 2.0 2.1 1.7 4.9 4.6 3.2 4.2 8.4 4.2 9.5 1.1 0.4 0.5 0.7 1.2 1.9 
n-Propylbenzene 3.6 2.7 3.2 1.7 4.1 3.6 5.8 3.3 4.9 8.5 2.8 10.6 0.9 ND 0.8 0.6 1.2 1.5 
1,2,4-Trimethylbenzene 17.5 21.3 21.9 14.2 20.5 25.9 43.6 28.1 40.7 70.0 23.3 85.5 6.9 3.6 5.0 4.7 9.1 9.7 
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Benzaldehyde 17.6 14.4 23.2 10.0 10.3 15.2 19.1 17.4 25.9 19.1 16.6 23.1 16.7 27.8 20.1 12.7 13.9 10.5 
Phenol 9.5 9.8 21.2 10.1 7.4 8.7 8.3 11.4 9.7 17.5 11.3 14.2 6.1 13.4 7.2 4.7 5.0 5.5 
Benzonitrile ND ND ND ND ND ND ND ND ND ND ND ND 3.1 2.3 2.7 1.8 2.5 2.8 
∑ Aromatic VOCs 176.5 161.0 207.7 116.1 164.1 273.2 325.8 183.2 270.7 464.7 175.9 646.4 73.3 63.2 70.7 54.1 74.4 105.0 
Butanal D 0.6 0.5 D D 0.4 0.3 0.4 0.7 0.3 0.6 0.4 0.5 0.5 0.6 0.3 0.3 0.3 
Hexanal 9.5 8.5 6.6 6.2 2.3 3.7 0.6 0.9 1.7 0.5 1.6 2.1 0.7 1.2 1.0 0.3 0.2 0.4 
Heptanal ND ND ND ND ND <0.1 0.3 ND ND 1.3 0.8 1.3 ND 1.2 ND ND ND ND 
3-Methylbutanal ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND D 
1-Pentanol D D D D D D ND D ND ND ND D ND ND D ND ND D 
2-Ethyl-1-hexanol 13.4 16.1 22.7 14.2 17.8 19.0 3.2 7.8 7.8 13.8 9.0 13.0 3.4 6.7 2.5 1.1 2.9 1.8 
1-Octanol 4.5 7.3 8.2 6.8 3.1 7.5 5.1 7.5 6.2 10.2 4.4 13.1 3.2 3.5 3.0 1.3 3.0 2.3 
3-Methyl-1-butanol ND ND ND ND 0.3 ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Butanone (MEK) 0.7 1.6 1.7 0.7 0.2 1.1 0.5 1.1 1.6 1.3 0.8 1.4 1.3 1.1 1.3 0.5 0.8 0.9 
2-Hexanone ND 0.4 ND 0.3 0.5 0.5 ND 0.2 0.4 0.2 0.3 ND 0.2 0.2 ND 0.1 0.1 0.2 
2-Heptanone 1.5 2.0 2.3 1.7 1.1 2.5 1.1 1.4 1.5 D 1.4 2.3 0.9 D 0.8 0.5 D 0.8 
2-Octanone ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
5-Nonanone 0.1 1.1 0.2 0.2 ND ND ND ND 0.9 2.0 ND ND 0.4 0.3 0.4 0.2 0.1 0.5 
5-Methyl-3-heptanone ND ND ND 1.4 ND ND 1.1 ND 1.4 1.9 1.4 2.9 ND ND ND ND ND 1.0 
Acetophenone 9.8 14.2 18.1 10.4 7.4 16.2 21.6 20.3 25.6 34.4 13.3 41.4 13.8 30.1 18.6 11.0 12.2 12.0 
Ethylacetate ND 0.9 11.2 4.1 0.3 6.2 ND 2.2 0.2 0.9 0.8 5.2 0.5 ND 1.8 ND 1.5 6.6 
n-Propylacetate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 1.0 ND 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran ND Q ND D ND Q ND Q Q Q Q Q D Q D ND ND ND 
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Tetrahydrofuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 39.6 52.8 71.6 45.8 32.9 57.2 33.8 41.8 48.1 66.8 34.4 83.1 24.9 44.8 29.9 15.5 22.1 26.7 
Tetrachloromethane 0.1 0.2 0.2 0.2 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.2 0.2 0.4 
1,2-Dichloroethane  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,2-Dichloropropane ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.3 ND 
Trichloroethylene ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.3 ND ND ND 
Tetrachloroethylene ND ND 1.5 0.1 1.1 ND ND ND ND 0.2 ND ND 0.7 ND 0.1 0.1 ND ND 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene 0.6 2.0 1.9 1.9 0.5 1.8 D 5.0 1.2 4.6 1.7 2.2 1.0 1.0 1.4 0.9 1.6 2.1 
∑Halogenated VOCs 0.7 2.2 3.5 2.1 1.7 2.0 0.1 5.2 1.3 5.0 1.8 2.4 2.0 1.2 2.1 1.2 2.1 2.5 
α-Pinene ND 0.3 0.5 0.4 0.3 0.4 ND ND ND ND ND ND ND ND 0.1 0.1 0.1 0.2 
Limonene 7.3 100.2 13.8 24.6 4.8 11.9 2.4 15.1 2.5 37.6 7.1 13.3 0.7 0.7 0.5 0.9 2.5 6.8 
Linalool ND ND ND ND ND 11.2 ND ND ND ND ND ND 1.1 ND 1.1 0.7 ND ND 
∑Terpenes 7.3 100.6 14.3 25.0 5.1 23.5 2.4 15.1 2.5 37.6 7.1 13.3 1.8 0.7 1.7 1.7 2.6 7.0 
TVOCs 298 398 396 248 258 456 458 353 425 750 324 970 134 131 150 97 145 183 
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Sampling campaign Industrial Dhaka, Bangladesh Industrial Dhaka, Bangladesh Industrial Dhaka, Bangladesh 
Abbreviation Bd2 Bd2 Bd2 
Indoor/Outdoor House Ambient1 Ambient2 
Temperature (°C) 32 31 31 30 30 31 33 28 30 32 31 32 35 29 30 33 32 32 
Humidity (%) 98 98 96 95 98 97 96 95 98 90 95 98 91 96 98 91 98 98 
Compound name                   
Methylcyclopentane 0.9 0.9 2.6 1.3 1.0 1.3 1.1 1.7 0.9 2.8 2.4 2.6 D 1.2 2.1 2.0 0.8 2.2 
Cyclohexane 0.1 0.3 1.3 0.3 0.3 0.5 0.1 0.7 ND 0.9 0.9 0.8 D 0.2 0.8 0.8 0.1 0.7 
Hexane ND ND 0.4 ND ND 0.1 ND ND ND 1.1 1.3 2.9 ND ND ND 0.5 ND 1.6 
Heptane 2.9 3.4 8.0 5.4 4.6 4.9 4.2 7.7 3.7 10.7 11.0 13.3 3.8 6.0 5.4 6.2 3.6 9.6 
Octane 7.0 5.5 11.9 16.1 6.2 9.3 3.8 6.9 6.8 14.1 13.2 13.1 4.0 6.1 7.3 8.3 4.3 9.5 
Nonane 8.7 7.1 25.8 69.7 17.1 25.7 8.0 10.5 13.3 28.6 23.4 30.3 7.2 6.5 12.8 19.7 10.7 20.9 
Decane 6.2 7.6 24.5 76.6 21.6 27.3 7.1 11.7 10.1 40.7 27.8 50.9 4.9 4.9 14.4 32.0 18.1 31.6 
Undecane 4.6 6.9 18.6 42.8 18.0 18.2 9.0 14.3 10.1 47.6 40.4 53.1 7.9 5.8 14.5 34.0 20.7 33.8 
Dodecane 3.8 4.3 14.9 21.6 12.5 11.4 4.9 9.9 9.4 36.6 36.0 42.6 3.9 3.9 9.8 24.4 15.4 27.7 
∑(Cyclo)-alkanes 34.1 36.1 108.0 233.8 81.3 98.7 38.2 63.5 54.4 183.1 156.4 209.7 31.8 34.7 67.1 127.8 73.6 137.6 
Benzene 3.6 3.6 6.6 5.1 5.7 4.9 6.5 7.3 4.4 12.2 11.0 13.0 3.1 5.8 5.1 7.8 3.9 14.2 
Toluene 14.2 21.1 48.0 46.2 65.0 38.9 29.3 47.2 73.1 100.2 235.0 143.8 20.2 37.4 43.8 48.3 44.4 146.5 
Ethylbenzene 3.7 4.2 9.9 16.1 8.5 8.5 8.2 10.3 18.0 25.4 41.5 24.6 7.9 12.4 9.9 12.3 6.6 19.9 
o-Xylene 5.6 6.2 13.7 16.4 11.7 10.7 11.3 14.8 12.6 32.6 35.1 36.6 12.4 13.3 16.5 17.0 10.3 25.5 
m,p-Xylenes 15.3 18.4 39.6 41.2 28.6 28.6 27.6 42.2 32.6 95.9 103.3 98.7 28.9 41.8 37.5 47.7 27.3 72.0 
Styrene 0.6 0.9 2.1 1.5 3.1 1.6 1.6 2.3 2.4 5.9 6.4 6.2 0.9 2.0 2.5 2.3 1.2 6.5 
n-Propylbenzene 0.9 1.5 3.8 6.0 2.9 3.0 2.2 3.8 2.8 6.2 6.3 7.7 2.7 3.3 3.1 3.4 2.1 5.6 
1,2,4-Trimethylbenzene 6.0 11.9 17.9 33.1 18.4 17.4 16.6 23.1 12.8 50.0 49.9 60.5 19.3 18.4 27.5 32.1 20.3 41.5 
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Benzaldehyde 19.7 16.1 16.9 22.3 14.8 18.0 20.7 15.4 16.0 19.5 24.2 17.6 23.5 11.3 34.8 22.4 17.4 19.7 
Phenol 11.3 8.4 6.4 9.7 17.1 10.6 10.9 6.8 6.4 9.9 10.2 12.9 11.4 4.0 10.4 11.4 7.6 16.5 
Benzonitrile 5.0 4.9 ND ND ND 2.0 6.3 ND ND ND ND ND 4.6 7.0 8.2 6.5 ND 10.4 
∑ Aromatic VOCs 85.9 97.4 165.0 197.6 175.7 144.3 141.3 173.1 181.0 357.8 522.9 421.5 134.9 156.6 199.3 211.4 141.2 378.3 
Butanal 0.3 0.2 0.4 0.3 0.2 0.3 0.3 0.2 0.2 D D D 0.4 0.2 0.7 0.5 0.3 ND 
Hexanal 6.3 3.7 1.2 1.7 2.6 3.1 1.1 0.8 1.2 1.3 0.7 D 1.4 ND 1.7 1.4 0.9 0.4 
Heptanal ND 0.8 ND 0.6 ND 0.3 0.4 ND ND 0.2 1.5 0.1 ND ND 1.3 ND ND 0.1 
3-Methylbutanal ND ND ND ND ND <0.1 ND ND ND ND ND ND ND ND ND ND ND ND 
1-Butanol  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1-Pentanol D D D D D D ND D D D D D D ND D D D D 
2-Ethyl-1-hexanol 4.5 8.4 5.9 12.1 10.2 8.2 4.0 4.6 3.4 24.2 13.3 D 3.8 1.8 9.9 18.7 3.8 D 
1-Octanol 4.1 6.5 4.6 18.0 5.7 7.8 2.9 2.2 4.4 15.4 12.7 12.7 1.9 ND 8.7 8.6 4.8 D 
3-Methyl-1-butanol ND 0.2 D D ND <0.1 ND ND ND D ND ND ND ND ND ND ND ND 
2-Butanone (MEK) 0.7 0.7 1.3 1.7 1.2 1.1 0.8 0.6 1.8 3.0 3.2 3.1 0.5 0.5 7.9 1.8 1.0 3.3 
2-Hexanone 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.5 0.7 0.7 0.2 0.2 0.1 0.6 ND 0.2 0.2 
2-Heptanone 1.4 1.1 2.9 5.6 3.0 2.8 0.8 1.1 1.4 3.0 3.0 2.4 0.8 0.6 2.3 1.4 0.9 D 
2-Octanone ND ND ND ND ND <0.1 ND ND ND ND ND ND ND ND ND ND ND ND 
5-Nonanone 0.1 0.8 1.2 ND 0.3 0.5 0.4 0.6 0.1 0.8 0.6 ND 0.3 ND 0.2 1.8 1.0 1.6 
5-Methyl-3-heptanone 0.8 0.8 2.1 6.6 1.3 2.3 0.7 1.2 ND 2.0 1.7 2.2 ND 0.8 1.2 1.6 0.9 1.7 
Acetophenone 10.4 15.8 8.4 27.8 14.0 15.3 16.2 11.2 6.3 11.4 26.8 30.5 26.3 6.7 26.3 31.0 22.0 17.0 
Ethylacetate ND ND 3.2 4.1 1.7 1.8 ND 0.4 3.6 4.7 5.3 6.0 ND ND 7.9 2.4 1.9 8.0 
n-Propylacetate ND ND ND 1.9 ND 0.4 ND ND 0.3 ND ND ND ND ND ND ND ND ND 
Methylbenzoate ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
2-Methylfuran ND ND Q ND D D ND ND ND Q Q Q ND Q Q Q D Q 
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Tetrahydrofuran ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
∑Oxygenated VOCs 28.6 39.3 31.5 80.5 40.4 44.0 27.8 23.1 23.2 66.8 69.4 57.2 35.5 10.7 68.9 69.2 37.7 32.2 
Tetrachloromethane 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 
1,2-Dichloroethane  ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,2-Dichloropropane ND ND 0.7 0.6 0.3 0.3 ND ND ND 1.5 D 0.3 ND ND D 0.8 ND 0.3 
Trichloroethylene ND 0.2 ND ND ND <0.1 ND <0.1 ND ND ND ND ND ND ND ND ND ND 
Tetrachloroethylene 0.2 1.1 ND ND ND 0.3 0.7 6.0 4.6 2.2 ND 4.6 ND ND ND ND 0.6 ND 
Chlorobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
1,3-Dichlorobenzene 107.2 8.6 142.7 23.5 10.6 58.5 0.9 1.9 0.8 1.8 4.0 2.9 0.8 0.7 2.9 2.5 0.9 1.5 
∑Halogenated VOCs 107.6 10.1 143.7 24.4 11.0 59.4 1.7 8.1 5.5 5.7 4.2 8.0 1.0 0.9 3.2 3.6 1.7 2.0 
α-Pinene 1.1 1.1 1.3 0.9 1.2 1.1 ND 0.2 ND ND ND ND 0.1 ND 0.5 0.2 D ND 
Limonene 2.3 8.3 3.8 14.9 12.4 8.4 3.5 6.4 44.5 65.4 106.2 16.4 0.9 1.0 3.6 3.7 1.2 7.8 
Linalool ND ND ND ND ND ND 1.4 ND ND ND 6.6 4.9 1.3 ND ND ND 1.5 1.7 
∑Terpenes 3.4 9.4 5.1 15.8 13.7 9.5 4.9 6.6 44.5 65.4 112.8 21.3 2.4 1.0 4.1 3.9 2.7 9.4 
TVOCs 260 192 453 552 322 356 214 274 309 679 866 718 206 204 343 416 257 560 
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Table A7. Information on distance (km), speed (km/h), temperature (°C), and section characteristics for the three transportation modes (i.e. car, bike, tram) 
along the fixed route in Ghent, Belgium (16, 20, and 28 February, 2013).  
Section distance Section 1 Section 2 Section 3 Section 4 Section 5 Section 6 Total (km) 
Car  3.6 1.8 1.6 2.3 2.5 2.6 14.4 
Bike 3.6 1.9 1.8 2.2 2.5 2.4 13.8 
Tram 3.1 1.8 2.0 2.1 2.4 2.5 14.4 
Speed (km/h) along 
the fixed route 
Mean Stdev rStdev     
Car 18 2 12     
Bike 13 2 15     
Tram 19 2 8     
Temperature (°C) 
along the fixed route 
Mean Stdev rStdev 
    
Car  19 2 9     
Bike 4 2 61     
Tram 12 3 23     
Section characteristics 
Section 1: Kortrijksesteenweg (N43); Residential area (townhouse); Station. 
Section 2: Kortrijksesteen-weg (N414); Crosspoint city ring (R40); Small streets (townhouse). 
Section 3:  Historical city center; Shopping street; Small streets (townhouse). 
Section 4: Crosspoint Opgeeistenlaan (N430); Palinghuizen (N9); Broad road (free standing appartment buildings and townhouses). 
Section 5: Residential area with free standing houses. 
Section 6: Industrieweg (R4); Evergemsesteenweg (N456); Major roads with no residences
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Basic Calculations 
The sample response factor (SRF) in chromatography is defined as the signal output per unit 
of mass of a substance injected. Therefore, the SRFi of a substance i can be calculated as 
follows: 
𝑆𝑅𝐹𝑖 =
𝐴𝑖
𝑚𝑖
 
Ai  is the peak area, and mi is the mass (ng) of substance i on the sorbent tube. Based on the 
concept of SRF, the relative sample response factor (RSRF) is defined as the ratio of sample 
response factor of the analyte (SRFa) and that of Tol-d8 or internal standard (SRFst): 
 
𝑅𝑆𝑅𝐹 =
𝑆𝑅𝐹𝑎
𝑆𝑅𝐹𝑠𝑡
 
It is worth noting that RSRF is dimensionless, and RSRF can be computed by the calibration 
of the TD-GC-MS since both the mass of analyte (ma) and mass of Tol-d8 (mst) are known 
during calibration. Given these arguments, the mass of analyte on a sampled sorbent tube 
can be calculated as follows. 
 
𝑚𝑎 =
𝑚𝑠𝑡 ∗  𝐴𝑎
𝐴𝑠𝑡 ∗ 𝑅𝑆𝑅𝐹
 
Furthermore, the volume of sampled air (V) can be calculated since both Q (flow rate of 
sampling pump) and t (sampling time) are determined. 
 
𝑉 = 𝑄 ∗ 𝑡 
Therefore, a concentration of the analyte (Ca) can be computed as follows. 
𝐶𝑎 =
𝑚𝑎
𝑉
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